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HYDRAULIC DESIGN OF SLOTTED SPILLWAY BUCKETS | 


Beichley, iM. “ASCE A. J. Peterka, F. “ASCE 


a 


slotted roller ‘bucket use as a | submerged energy dissipator at the 
base of an overfall is developed from hydraulic model tests and is compared uy 
with a solid-type bucket. Charts are presented in dimensionless form so that 
a slotted bucket may be hydraulically designed for most combinations of dis- - - 7 


charge, height of fall, and tail water range. Tail water requirements are a 
compared with those necessary for a hydraulic jump stilling basin, and the 
bucket is shown to be particularly suited to installations where the tail water 
is too deep for a hydraulic jump. — ‘Sample problems are used to illustrate the 7 : 
use of the recommended general design procedures. Steps required to design ?. 


rs In 1933 with the aid of hydraulic models, the Bureau of Reclamation de- J 
veloped a submerged solid bucket of the type shown in Figure | 1A for use at pc 
Grand Coulee Dam.* In 1945, a submerged slotted bucket of the type shownin | 
oer 1B was developed by the Bureau for use at Angostura — ** In 1953 
Discussion open until March 1, 1960. To extend the closing date 6 one 
Daye written request must be filed with the Executive Secretary, ASCE. Paper 2200 is 
tal part of the copyrighted Journal of the Hydraulics Division, Proceedings ofthe | 
American of Civil Vol. 85, No. HY 10, October, 1959. 
4, 2. Bureau of Reclamation, Denver, 
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Missouri River Basin Project, on River in 

‘ais _ western South Dakota, and is an earthfull structure having a concrete ae SPL 3 
_ overfall spillway 274 ‘feet wide by 117.2 feet high from the bucket invert | 

to crest elevation. ‘The apiliway is for 24%, — 
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ocated on the Columbia River in northeastern Washington, and is a con-— 
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GRAND COULEE TYPE SOLID BUCKET 
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ae and details obtained in 1945 and to establish general relations between bucke 
size, discharge capacity, height of | fall, and the maximum and minimum tail _ 
water depth limits. The 1945 and 1953 - 54 studies are the subject of this paper. 
Using the 1953-54 data, dimensionless curves were plotted which may be ; 
oie in the hydraulic design of slotted buckets for most combinations of spill- » M4 
way height and discharge capacity without the need for individual hydraulic 

model tests. - Strict adherence to the charts and rules presented will provide © 
the designer with the smallest possible structure consistent with good per- oF : 
formance and a moderate factor of safety. It is suggested, however, that con- 
firming hydraulic model tests be performed whenever: a) sustained operation 
near the limiting conditions is expected, (b) discharges per foot of width ex- Re 
ceed 500 to 600 second-feet, (c) velocities entering the bucket are over 75 feet 


Performance of Solid ‘and Slotted Buckets 

The solid and slotted buckets are shown operating in Figure 2.* The hy- a 4 
draulic ee and the resulting performance of the two buckets are quite dif- a 
ferent. Both types require more tail water depth than a hydraulic jump basin. 
In the solid bucket, all of the flow is directed upward by the bucket lip to cre- t) 


ate » a boil on the water surface and a violent ground roller on the riverbed. Re 
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j The severity of the high boil and the ground roller depends upon tail water 
depth. Low tail water produces the most violent boils and ground rollers. 
_ The upstream current in the ground roller moves bed material from down - - 

j ‘stream and deposits it at the bucket lip. Here, it is picked up, carried away, aoe 
and dropped again. The constant motion of the loose material against the © 
concrete lip and the fact that unsymmetrical ‘Spillway operation can cause c. fz) 
eddies to sweep the piled-up material into the bucket make this bucket unde- 
sirable in some installations . Trapped material can cause abrasion damage — e 
in the bucket i itself. With the slotted bucket, part of the flow passes through 
the slots, spreads laterally, and is lifted away from the channel bottom by the 
apron. Thus, the flow is dispersed and distributed over a greater area, pro i 


viding less violent flow concentrations than : occur with a solid bucket. ee 


a 


material is neither deposited nor carried away from the bucket lip. “Debris — 

_ that might get into the bucket is immediately washed Saas ee 
With the slotted d bucket, sweepout occurs at a a slightly higher tail water do 
vation than with the solid bucket, and if the tail water is extremely high, the oes § 


flow may dive from the apron lip to scour the channel bed, as shown in Figure 
‘3. With the Solid bucket, diving does ‘hot occur, . In general, however, the fi 
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solid bucket for use at -Angostura Dam. ‘These tests, made on a 1:42 
2 and other showing flow currents have been traced from 


and 1954, extensive hydraulic model tests, covering a completes ere 
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r Note: The diving flow condition occurs with the slotted bucket 
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= when the tailwoter depth becomes too grect. 
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ectional model, are summarized in the following paragraphs. eh 
- Solid buckets were used to determine the minimum radius and required — 
elevation of the bucket invert for the existing tail water conditions since the 


slotted bucket had not yet been anticipated. A 42-foot radius bucket was 
found to be the smallest bucket which would provide satisfactory performance > 
for 1,010 second-feet per foot of width and a velocity of 75 feet per second, 
£ Best performance occurred when the bucket invert was 77 feet below tail eh 

water elevation. For all invert elevations tested, however, agroundroller, 
_ Figure 2A, moved bed r material from downstream and deposited it against the - 

bucket Lip. The: second stage in the ¢ development w: was to modify the bucket to 

‘prevent the piling of bed material along the lip. Tubes were placed in the ~ 

_ bucket lip through which jets” of water r flowed tc to sweep away the deposited | tne 

material. Results were satisfactory at low discharges, but for the higher ou 

flows loose material piled deeply over the tube exits. 

4 Pig: Slots in the bucket lip were then used instead of larger tubes. The slots i “7 
- were found to not only keep the bucket lip free of loose material, but also is 

a osesacae exits for debris that might find its way into the bucket. 

To maintain the effectiveness of the bucket action in dissipating energy, 

the slots were made just wide « enough to > prevent deposition at the bucket lip. if 1 

The solid portions between the slots then became known as teeth. aes ies Hi 

tooth designs, shown in Figure 4, were tested. 

Tooth Spacing, and press 
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_ However, small eddies, formed by the jets leaving the slots, lifted loose 
to produce abrasive action on the downstream : face of the teeth. 
Therefore, a an neue sloping apron was s installed downstream from the te ee 


of piled material along the bucket lip both satisfactory. 
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to help spread the jets’ from the slots and also to away 


_ from the teeth. The apron was sloped upward slightly steeper than t the slope a - 
of the slots to provide better contact with the jets. 


ee). The profile of Tooth Design I, Figure 4, was made to conform to the 


oy + teeth. Pressure measurements showed the necessity of rounding the edges of © 
; the teeth. Model radii ranging from 0.1 to 0.3 inch were investigated. . The 
larger radius (12.6 inches prototype) was found to be the most desirable. __ : 
t z Tooth Design III , Figure 4, showed improved pressure conditions on the 
_ sides and downstream face | of the teeth when the radius on the tooth edges | : 
_ Was increased to 15 inches. . These tests showed that pressures on the teeth a 
-_- varied according to the tooth spacing. The most favorable pressures, Table 1, © 
- consistent with good bucket performance occurred with Tooth ~— Il, tooth 
0.125 R and 0.05R at the downstream 
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0.125 R Width, 0.05 R Spacing 


1,000 cfs per foot— -TW depth, 


Piezometer iezomet su 


For 1, 000 ina 42 -foot radius b Piezo- 
meters i through 6 fluctuated between the limits shown. v Piezometers 3, 4, — 
and 5 on the downstream face of the teeth were subatmospheric at times. i 
— to the pressure data, significant cavitation should not occur Bees: 
- velocities | up to about 75 feet per second; i. e., velocity computed from the 
difference between headwater and tail water elevations. _ Table 2 shows in- 
_ creased pressures for Piezometers 3, 4, and 5 with tooth spacing 0. 035R. 
ee For 0. 035R spacing, , the teeth should be | safe against cavitation for veloci- 


ties up to 15 feet per second, For small buckets, the spaces may be too Pid : 


the slots and improve the stability of the flow. leaving the bucket. A 16° up- Bea a 
ward sloping apron was found to be most satisfactory. ‘With a 12° slope, the 
flow was unstable, intermittently diving from the end of the apron to scour 


- the riverbed. “With a 20° slope, the spreading action of the flow was counter - 


to some degree by t the directional effect of the ‘steep apron. 
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«DESIGN I 


/Reduce O.O5R corner 
radius to O at ---. 


SHAPES TESTE D FOR SLOTTED BUCKET 
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0,125 R Width, 0.035R Spacing 
000° cfs per foot — TW ‘depth, 17 feet 


Two a apron aie one 10 feet and one 20 feet, were tested to determine 


0. 
and produce uniform flow leaving the apron. ee 


the slotted b bucket thus developed, — in ‘Figure 1B, operated well over 

_ the entire range of discharge and tail water conditions in the sectional model, | 

; scale 1; 242. The bucket was also tested at a scale of 1:72 on a model of the re 
_ entire spillway where end effects of the bucket could also be observed and 

_ evaluated. Performance was excellent in all respects and was better than 14 
for any of the solid buckets or ot other slotted buckets anes “pane 


ny 


Test Equip ment 4 


ad 


_with a motor-driven tailgate woot to raise or lower the tail water slowly so — 
‘Four | interchangeable buckets having radii of 6 9, 12, and 18 inches, con- n- 
structed according to the dimensionless ratios shown in Figure 1B, were de- = 
_ signed so that they could be installed with the bucket inverts located 5 feet = a 


_ below the spillway crest and about 6 inches above the floor of the flume. “The 


downstream channel was a movable bed molded in 3/8- ‘inch pea gravel. 


General 


tests by first verifying and then to 
improve the performance of the slotted bucket. The performance of el a 


slotted bucket with the teeth removed was evaluated, and the performance of 


the slotted and solid was compared, 


: 


jee 
epreading of the jets p 
_——— ("A testing flume and sectional model were constructed, as shown in Figure 
= 


SECTION ON € OF oF TEST FLUME 


TEST FLUME AND SECTIONAL ae 


_ ‘Performance, a 12-inch radius slotted bucket was used. The Angostura type 
_ shown in Figure 1 and Figure | 6 was tested first to ‘establish a performance ‘Sr - 
standard with which to compare modified buckets. Since little bed erosion 
~ occurred with this bucket, improvements in bucket performance were directed oa 
toward reducing wave action in the downstream channel. Each | modification = 
was subjected to a standard test of 3 second-feet | per foot of bucket width, ‘ee: 
_ With the tail water 2.3 feet above the bucket invert, ‘Figure 2B. This was ign g a) 
_ judged to be bucket capacity at a normal tail water. _ The movable bed was fy 
= level, just below the bucket apron lip, at the start of each test. RB: 
_ Four modifications of the bucket teeth, the bucket with teeth removed, and i 
as solid bucket were investigated. The modifications tested are shown im 
Figure Tooth ‘Modifications L and IV proved to be of no value. . Tooth 


Modification I was an improvement, but was not considered to be of practical 


as 


angle. of 90°, as shown in Figure 6. Performance was excellent for the 
standard test. A large portion of the flow w was turned directly upward to the — 
water surface where it rolled back into the bucket. The tail water depth in 
_ the bucket was about the same as the depth downstream. Only a slight boil 
could be detected over the teeth. The flow passing between the teeth pro- 
vided uniform distribution of velocity from the channel bed to the water sur-_ 
face in the channel downstream. _ The downstream water surface Vv was ‘smooth, 


- high and low tail water elevations. In pony the range of tail water depths for “ 
which the bucket operated satisfactorily was greater than for any other slotted 4 
- bucket tested. The teeth are suggested for possible use in small buckets; in 
large they may be too tall to be structurally stable. 
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SLOTTED: BUCKET ICATION OTTE KET MODI 


BUCKET MODIFICATION = 


Dimensions applicable to all ‘all designs- 
Bucket invert to downstream edge 
of structure= 15.21", 
Approach chute slope 27 
Bucket radius = 12" 
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bucket was unstable, and the water surface was rough. For a few seconds, 


- boil would be quite high, then suddenly would become quite. low. However, a 


_ The tests indicated that the primary function of the ‘teeth is to stabilize the 


ag “flow and reduce water surface fluctuations in the channel downstream. The es a 


tests also suggested that should the teeth in a prototype slotted bucket deteri- 
_ orate over a period of time, the rate of deterioration could be evaluated from 
the change in appearance of the surface flow. 
‘The solid bucket, Figure . 6, was tested to compare its action with that of a pei 
slotted bucket. The performance was similar to that shown in. Figure’ 2A and 
previously. These tests confirmed the conclusion that a solid 
bucket ‘may not be desirable when loose material can be carriedintothe _ 
¥ bucket, , when the high boil would create objectionable waves, or when a deep 
erosion hole located from 1 to 3 bucket radii downstream from — males lip 


=z The to determine the minimum bucket size and tail water 
limits for a range of structure sizes, discharges, and overall height was a 
complished by the testing of 6-, 12-, and 18- inch radius buckets over a 


_ ferent positions. For each test, the head and discharge were measured and — 


Lower and upper | tail water limits “> 
Testing began | with the bed molded slightly below the apron lip at a dis- ial s 


ee tance of f approximately 0.05 of the bucket radius, R. For each discharge, the 
‘i tail water was lowered slowly until the flow swept out of the bucket, as shown 
. in Figure 7A. The sweepout depth, considered to be too low for proper bucket 
_ performance, was a limiting tail water depth and was recorded and plotted in — 
, Figure 8. Tail water depth is the difference in n elevation between the bucket _ 
invert and the tail water surface. The tail water depth just safely above the z 
| Sweepout depth v will ill henceforth i in ‘this paper be called the lower or minha 
i the sweepout depth, the flow left the bucket in the form pee a jet, 3 Figure 
TAL T ‘The jet scoured the channel bi bed at the point of contact but did did not cause 
"excessive water surface roughness downstream. However, a more undesira-— 
ig flow pattern occurred just before sweepout, An unstable condition de- cae AI 
veloped in the bucket causing excessive erosion and water surface roughness. 
1a is, therefore, undesirable to design a a bucket for both submerged and flip 


to be from | 0.05 to 0.15 foot t above the sv sweepout depth. Only the s sweepout i 
_ depth was actually measured since it was a more definite point. A safe lower 
limit, Trin was established at the conclusion of all model testing by adding 
2 foot to the sweepout tail 1 water depth. 


water was raised slowly until the flow dived from = apron lip, as as shown in — 


action because of this transition region. The lower tail water limit was found 


For r each discharge, the upper tail water limit was 7 The | tail 
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Fan 


_0. Toliwoter same as in C. Diving jet is is lifted by ground 


roller. Scour he hole to B. Cycle repeats. 


(Bed Bed level 03-inch below apron lip at start of 
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i. see 3 and 7C. When diving occurred, a deep h hole was scoured in the a ae 
_ Channel bed near the bucket. The tail water depth was also recorded and 


plotted in 8. The tail water just below the depth required 


5 

ot 
i. pe. after 30 or 4 minutes aves time) diving suddenly ceased, and the flow “ai 
so rose to the surface shown in Figure 7D. _ The changeover occurred only yal 
at Be  .. movable bed | had ‘become sufficiently scoured to allow a ground roller to. to 
ay, form beneath the jet and lift the flow from the apron lip to the water etae! | 
a : ground roller then moved the deposited gravel upstream into the scoured 
mG, : :. hole until the riverbed was nearly level with the apron lip. At the same time, 


the strength of the e ground ro roller was reduced until it was no longer capable’ [ae 
— of lifting the flow to the water surface and the flow dived again to start another 
cycle, which was repeated over and over. Very little bed material was = 
; downstream out of reach of the ground roller even a after several cycles. ‘Five’ : 
six minutes were required for one cycle as a 
_ When the flow was diving, the water surface was very smooth; but when the 
_ flow was directed toward the surface, a boil formed, and a rough downstream _ 
= surface was in evidence. In the former case, part of the energy was mo 
dissipated on the channel bed; in the latter case, energy was dissipated on the 
* a 7 the upper tail water limit, diving occurred in spurts not s 
Es - ficiently long to move bed material. As the depth approached that required > 
_ for sustained periods of diving, the momentary spurts occurred more often. 

_ The tail water depth required to cause sustained diving was used because it 
wasa definite point. At the conclusion of all model testing, the upper tail 
_ water limit, T,, 9x, was established by subtracting 0.5 foot from the tail water 
4 depth at which sustained diving occurred, 

eS. It was difficult to obtain consistent results for the tail water depth at which 
x ‘diving occurred because the upper tail water limit was | affected by the shape | 
and elevation of the channel bed with respect t to the apron lip. _ Since it was 
: _ difficult to maintain the bed shape during the starting of a run, the gravel was 
removed from the model in anticipation that the upper tail water limit could 
be determined from observations of the flow pattern. This arrangement _ re 
proved unsuccessful since diving did not occur. However, this test, using the 
- -inch bucket, showed that excellent performance | occurred, Figure 9A, when 
_ the tail water depth above the bucket invert was less than the bucket radius. i 
Bae deeper tail water, performance was not as good but was still satisfactory. - 
The channel bed represented by a wood floor at the elevation of the — oe 


floor for a | greater distance with Renee tail water. No other changes in flow 
pen occurred at high tail water elevations, and again no upper limit could 7 ‘a 
’ ‘Testing was continued with the gravel bed molded level slightly below the 
apron lip. It was necessary to reshape the bed before each test to obtain con- 
sistent upper limit results; even then it was difficult. Testing showed that it 
_ Was important that the channel bed be below the ‘apron lip elevation to ‘sue | 
the diving flow pattern from occurring at a much lower tail water elevation. : 
Therefore, a sloping bed was included in the investigation ern =i 
BE For the 9- and 12- inch ag and lower tail water limits 
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approximately 6 inches the lip. Tests that sweepout occurred 
at the same depth, but diving occurred at a much lower tail water depth. i Pa 
the 9-inch bucket, diving occurred at about the same tail water depth as for 
: the 6-inch bucket with bed level 0.05R below the lip. For the 12-inch bucket, | ; 
cs. it occurred at about the same tail water depth as for the 9-inch bucket with © a 
__ bed level 0.05R below the lip. Thus, the effect of the sloping bed was to re- & 
_ duce the operating range between minimum and maximum tail water depth 13 a 
limits by lowering the upper tail water limit, — 
t Depths for sweepout and diving were difficult to determine precisely for 
larger buckets. In fact, for the 18-inch bucket, the sustained diving condi-— 
_ tion could not be reached at any discharge, even when the tail water was af 4 


raised to crest elevation, However, the tendency to dive was present, and 


j ‘momentary diving occurred, but in no case was it sustained. + ae | 


As the discharge capacity of the bucket was approached, the difference be- af 
; eine the upper and lower tail water limits became smaller. The maximum _ 
capacity of the bucket was judged from its general performance and by the 
range of useful tail water | elevations between the upper and lower tail water ' 


_ When the bed sloped upward, the useful range of tail water was reduced, Fi 

_ but since the general performance appeared to be changed very little , the il. £ 
_ capacity of the bucket was said to be the same for either bed condition. g i: oe 

maximum capacity of the 6-inch bucket was found to be 1. 5 to 1.75 second-feet 


per fc foot of bucket width. The performance of the bucket for 1.75 


normal tail water elevation is shown in Figure | TB. 


tid The maximum capacity of the 9-inch bucket was determined to be 2 to 2. a 
second-feet per foot of wid . Discharges ¢ of 1.5 to 3 second-feet with a nor- 
mal tail water depth of 1.85 feet are shown in Figure 
be. Figure 11 shows the performance of the 12-inch bucket for it: flows r: rang- 


hab, 


ing from 2.5 to 4 second-feet with normal ta tail water depth of 2.3 feet. The a 


¢ maximum capacity of the bucket was determined to be from 3.0 to 3.5 second- ae 
The ‘performance ¢ of the 18-inch 1 bucket is shows in Figure 12 for unit dis- 
ri te ranging from 3 to 5.5 second-feet with normal tail water depths. e, The 
capacity of the bucket was determined to be 5 to 5.5 second- 


buckets. To aid in defining water surface profiles, manditeinents were made 


_ Increasing difficulties in determining bucket capacity _ tail water depth — 


" limits for near capacity flows made it inadvisable to test larger buckets on 
_ the 5-foot spillway. In addition, maximum tail water depths would have sub- =f 


‘4 merged the crest, and it was not intended at this time to investigate sub sub- 4 
_ It was unnecessary to test smaller buckets because a bucket radius smaller 


than | one -tenth the height | of alyze pig would seldom t be used. Therefore, eo 
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fall shape and spillway surface roughness, the sweepout "depth, Ts, and 
‘ mum tail water depth limit, Tmin, are functions of the radius of the bucket, | Feiss 
R, and the head on the crest, H. The height of structure may be expressed as 


the height of fall, hy from the spillway crest to the tail water elevation. ra _ The i: 


-overfall shape and H determine the discharge per foot of spillway width and .. 
_may be expressed as q. Since the spillway surface roughness and the spill- be 
pe way slope had negligible effect on flow in the model, they were not considered — 
in the analysis of model data. The » tests | showed that the elevation o or shape ia , 
Therefore, a 


‘Tmin or Ts=f(h, R, andq) 
- Similarly, the maximum tail water depth limit, Tmax, isa function of -— 


same variables, but the of the movable bed with 


uct | writ 


sod 


fa, it is — 
3 
OL 
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to the apron » @0en not affect the tail water at which diving occurs at 
Pus max = f (h, Ra annel shape) 


2 maximum capacity of a bucket 4 is a . function of lo and height of fall. 


_ The Peewee. number is a a ieee of ve alae and depth of flow and may b 


in which Vy and D Dy are ‘tail water elevation, as shown i in in Figure 14. Si 
—h and q are functions of ‘Vy and D1, they ‘may be replaced by. the wees 7 


2 Numerical v values bie the Froude number were computed from the test data — 


the Froude number is dimensionless, a numerical value | expresses | a i 
ll as a model flow condition, To express Tmin, Tmax, and Rmin as 


; ; = numbers so that they may also be used to predict prototype 2 j 
Trin and Tmax Were divided by D4; Rmin was: divided by 


g, the depth c of flow plus the velocity head at tail water sr elevation. 


re us 
fo ras given Froude number, the bucket radius dimensionless ratio 


For the maximum capacity of the 6- inch bucket is 1. 5 to 1. 


_ may bis plotted. “The two points obtained for each discharge v were e connected 

_ by a dashed line to indicate the trend in bucket size for constant discharge x 
and varying heights of fall to the tail water surface. Eight dashed lines’ were 
thereby obtained for the four buckets. A single envelope curve was then a 
drawn, shown as the solid line to the right of the preliminary lines, to indicate 
the minimum bucket radius. The solid line, , therefore, : includes a factor of og 
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‘number in F Figure 16, and was the computed value of 
| the bucket radius ratio. Then, 
_ and maximum tail water ' depth limits having the same bucket radius ratio 
values. “The u upper four are for ‘minimum tail water limit and apply 
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SPILLWAY BUCKETS 
any bed tail 
water limitation and have two sets of labels, one for the sloping bed and one © Ake) 
- for the level bed. . Two curves are shown for each value of the bucket radius — 
, ratio for the upper tail water limit. The upper or solid line curves have an 7 
E extra factor of safety included because of the difficulty in obtaining consistent — 
upper tail water limit values. The lower or dashed line curves are a strict | 
interpretation of the data, including the safety factor incorporated into the ei 
data as previously explained in the discussion of} lower = d upper tail water 


‘The curves es of Figure 16 may be used to determine minimum ‘and maximum 4 
- water limits for a given Froude number and bucket ratio. However,a A 

- simpler and d easier to use version of the same data i is given his Figures 17 and — 
18, which were obtained by cross plotting the curves of Figure 16. The al i; 
abscissa scales in Figure 18 differentiate between the iat oni bed and ped 2 
level bed used in the tests. 


‘The tail water sweepout depth Ts was ‘also expressed asa 2 


ratio — and plotted versus the Froude number in Figure 19, and a curve 


for each bucket size was drawn. These curves were then cross plotted in 
_ Figure 20 to provide more convenient means for determining the sweepout ae 


i - To aid in determining approximate water surface profiles in and down- “ae 
ig stream from the bucket, the data of Figure 13 and values scaled from photo- | 
Sarves of other bucket tests were analyzed and plotted. Refinement of the ie 


curves obtained resulted in the curves of Figure 21. . The height of the boil 

above the tail water may be determined from the Froude number and the i 

ratio = ‘where x ‘is the height of the spillway from crest to bucket invert. oct 


depth in the bucket, Dimension B in Figures 13 and 21, was 


— to remain fairly constant over most of the design operating range, ae 
about 80 to 85 percent of the Dimension T. ‘For minimum recommended tail 


value increased tot 90 approximately. 


Practical 
Sample problems 


— illustrate the use of the methods and charts’ given in this a a ~_— 
-by- -step procedure for designing a slotted bucket is presented. Data from © 
_ Grand Coulee Dam spillway will be used in an example s s0 that the rene 


model tests and | now in use at Grand Coulee The calculations are 

ge For maximum reservoir elevation 1291.65, the hits discharge is _ 

+ 1,000,000 second-feet. Spillway crest elevation is 1260, and head is 31.65 | a 
feet. "The width of the bucket is 1,650 feet; unit discharge is 606 second - 

ts feet, and maximum tail water is at elevation 1011. The theoretical velocity _ 
head of the flow entering the basin is the difference between tail water cleva- 

he tion and reservoir elevation or 280. 65 feet. Then, the theoretical velocity, © ‘- 


5 Vr entering the tail water is 134. 4 feet — See = =v 2e(H + H). See 
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|For values of "F" greater than 10 use Figure 16. =| 

ty w channel bed elevation 0.05R below apron lip or lower, 


use coordinates for bed approx. 0.05R below lip, 
For channel bed elevation higher than 0.05R below apron’ — 


~| lip use coordinates for bed sloping up from apron. 
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EXAMPLES | OF BUCKET DESIGN NPROCEDURES 


Q(1,000cfs)} 247 
HW Elev (3198.1 


Crest Elev |3157.2° 2032 

|3114 


ev 
i 1 1 4 | 280.65 


R (recom’ d) 40 by 


ag 
¥ ae 
at? 


bent 2 
62 
ON Note: See 14 for definition of symbols. 


a) ete Dimensions are in feet unless otherwise noted. 


% 

at | 211) 4.95) 7.54 


The atten velocity is less than theoretical at this point, because of fric 


- tional resistance on the spillway face. _ Using Figure 22, the actual velocity — 
is found to be 91 percent of theoretical. Figure 22 is believed to be reasona- : 
_ bly accurate, but since only a limited amount of prototype data were available 
| to develop the chart, information obtained from it should be used with caution. 
The actual velocity, Va, in this example is 91 percent of 134. 4, or 122.4 feet — 
per second. The depth of flow D, 0 on the spillway face is 4 


the minimum allowable bucket radius is found to be 0.12 from the solid Rae 
curve, from which the radius is ‘computed to be 28.5 feet. In round numbers, — 
a 30- foot bucket radius probably would be used. This is smaller than the 50- 


a foot radius of the solid type bucket that was actually used at Grand Coulee. saa 


4 


For the -foot radius, the dimensionless ratio would be 0. 13. ‘Entering 


17 with the dimensionless ratio and Froude number, D 
be 14.7, from which T,)jn is 73 feet. Similarly, from Figure se ale 


r the bed elevation below the apron lip is found to be 28, tre from Pie. 


a From ~ 20, ‘the sweepout dimensionless depth ratio is s 12. 6, from 
which the sweepout depth is 63 feet. Thus, the minimum tail water depth 4 at 
limit of 73 feet provides 10 feet of | margin against flow sweeping out of the | i‘ ae 
Tail water elevation 1011 at Grand Coulee provides 111 feet of tail water ms 
depth above rive riverbed | elevation 900. Therefore, thet bucket invert should be 
set no lower than 3 feet below riverbed elevation or more than 38 feet above, 
In the latter position, there would be no bed scour, and the water surface _ 
would be e as smooth as possible, _ However, this location may not be nA 
and it may be necessary to set the bucket on bedrock so that the invert is ee 
more than 3 feet belowthe riverbed. 


data ii in ‘Figure e 13 and the « curves of Figure 21 may be used to obtain 


af and 33 feet above the tail water. In the Fad ee the depth of water B would be ij 
af percent of 111 feet, or approximately 100 feet. The maximum difference — 
_(A- B) would be about 44 feet for the design tail water. The length and loca- 


_ Another solution would be to use a larger bucket radius. For a 50-foot ~ 
“a , bucket, which is the radius of the solid bucket actually used at Grand 
c Coulee, the tail water depth limits are 78 and 183 feet, and sweepout depth is | 
67 feet. Thus, the bucket invert can i be placed below the riverbed, but the 23 : 


ie of the boil may be estimated from the data in Figure 13. “ee = -4 


ow riverbed elevation so o that the aon 


ae 
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“4 nel bed elevation 900. For F = 9.7 and = =— = 0.093; — = 1.3. The maxi- | 

af 
50-foot radius bucket is placed bel 

— ~~ 45 slopes upward from the apron lip, the a 
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the upper ‘depth limit is computed | tok be only 101 feet. In this « case, the flo ow 
_ above the bucket invert is greater than the maximum limit, and a still larger 7 


If the invert of the 50-foot radius bucket is placed at bed elevation to pro- 


— ae vide 111 feet of tail water, = = 0.14 and = = 1.1. The height of the boil - 


then would be about 122 feet above the bucket invert, or 11 feet above tail 

water. The water in the bucket, 80 percent of 111, would be 89 feet deep. 
a fn The 50-foot bucket would m by comparing the water surface profile than the : 
30 -foot bucket as is ‘shown by the boil with the 33 “foot 


large or “sudden increases in spillway discharge 
and effects of outlet works or powerplant. Tail water eleva-— 
ce: for flows less than maximum should also be examined. | If V1 is more — 
than 75 feet per second, pressures: on the investigated on on a 
= Discharges for maximum design and less ‘than maximum were investigated 
4 for the Angostura installation in Table 3, using the methods presented in this _ 
_ paper. _ These computations show that the bucket radius obtained for the maxi- 


- The Angostura analysis in Table 3 shows, too, that the bucket radius deter - 
mined from the Angostura model study is smaller than the radius shown in 


2 
= the table, indicating that the methods presented in this paper provide a factor : 


On the other ‘hand, hydraulic model studies make it possible 
i to explore regions of uncertainty in particular cases and help to provide ‘the 
absolute minimum bucket size consistent with acceptable performance. 
= tc Other examples in Table 3 include an . analysis using the data from Trenton 
Dam spillway, which utilizes a long flat chute upstream from the energy _ { 
dissipator. _ Friction losses are considerably higher than would occur on the > ‘ 
steep spillways for which Figure 22 was drawn. In this example, actual. 


velocity measurements taken from a model were used. 7 


; Tail water requirements for bucket versus hydraulic jump 
In general, a bucket-type dissipator requires a greater depth of tail a 
_ than a stilling basin utilizing the hydraulic jump. This is illustrated in Table b 
Ww 


depth for a hydraulic jump. ‘Line 6 for 
the buckets worked out in the section Practical Applications, ‘Line q shows 
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57 52 38 24 «46666 4018 
Note: If a larger than minimum bucket radius is used, the required minimum a 


tail water depth becomes greater, as shown f for the two Grand Coulee 


bucket radii. 


me slotted bucket, Figure 1B, may be used as an energy ere at the c 
base of an overfall. Tests showed the slotted bucket to be superior to the af ; 
solid bucket in all respects. Wherever practicable, the higher teeth recom- 
mended in Design Modification Il, Figure 6, should be used. 
simplified version of the seven steps required to design a bucket is 
ee. as Determine Q, q (per foot of bucket width), Vj, ‘Dy compute — 


number from F= vi for flow flows. In some 


ae ; 2. Enter Figure 15 with Ft to find bucket radius ratio from _ minimus 


allowable bucket radius, » may be computed. 

3. Enter Figure 1" with bucket. radius ratio and F to find minimum um depth 


l h 
a imit ratio from water depth | limit, Trim may | be 


D4. Enter Fi 1 Step 3 above to find maximum tail depth — 
 f nter Figure 18 : as ii in Step 3 above » to in maximum tai water ept 


= 5. Set bucket invert elevation so that tail water curve elevations are ies 
tween tail water depth limits determined by Ti min T max’ lip 


— 
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195 


rbed, if For r best st performance, 


- bucket so that the tail water ter depth is nearer Ty 


mine factor o: of { safety anes sweepout from Figure 20 20 using g methods of 
= 3. | 


Figure 1 to obtain tooth size, 


Use Figures 13 and 21 to estimate the probable water surface profile " 


The bucket teats described in this paper are of recent | 
bucket tests in general have been made since . about 1933. Some of the early 
: feat were valuable in this study in that they helped to point the way for the a 
is later tests and eliminated certain bucket schemes from further consideration. 
These early tests were conducted by J. Douma, Cc. Ww. Thomas, Ball, 
andJd. N. Bradley. Later tests were made by R. C. Besel, E. J. Rusho, and « 
_ J. N. Bradley under the laboratory direction of J. E. Warnock. ‘The final 
_ tests to develop the slotted bucket and generalize the design were made by 
. a L. Beichley under the supervision of A. J. Peterka and J. N. Bradley and i: 
_ laboratory direction of H. M. Martin. Some of the material contained in this" oh 
= paper was ‘Submitted by 4 Beichley, as a thesis for the degree of Master | ° 


of Science, University of Colorado. All tests and analyses were conducted in 
- — of Reclamation | Hydraulic Laboratory, Denver, Colorado. — 
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o Proceedings « of the American Society of Civil Engineers ee 


PERFORMANCE OF FLOOD PREVENTION WORKS DURING 


‘The hydrologic and structural performance of watershed protection 
flood prevention works of the Soil Conservation Service in Arkansas, Okla- oe 

iP homa and Texas during the severe storms and floods of April, May and June, Pp 

1957 is discussed in this paper. The design and construction of upstream 

floodwater retarding structures, the new concept of utilization of vegetated 

a earth spillways in combination with reservoir storage in the design of struc- pee 
tures of this type is introduced; and the actual tests of the structures during a 

the storms are evaluated. | 

“TH: 


= 


stow 

ae ‘tetaies protection and flood prevention work of the Soil Conserva- | 
fa Service is done in cooperation with Soil Conservation Districts and other 
‘State subdivisions such | as Watershed Districts, Conservancy Districts, Water _ 
Control and Improvement Districts, Levee Districts, Drainage Districts, Irri- 
F gation Districts, and others. A watershed protection and flood prevention 

_ program includes proper land use and treatment in combination with struc- ‘ea 
tural works of improvement such as floodwater retarding structures, flood- — e 


_ Watershed protection and flood prevention work. is being carriedon under 7 
three different authorizations. The Flood Control Act of 1936 included | nd iS 

_ authorization for works of improvement in the Washita River watershed ities as 
Texas and Oklahoma, and the Trinity and Middle Colorado River watersheds an : 


— 


f 


i ‘Discussion open until March 1, 1960. To extend the closing date one month, a.- 
“written request must be filed with the Executive Secretary, ASCE. Paper 220lis — 
part of the copyrighted Journal of the Hydraulics Division, Proceedings of the aid 
American Society of Civil Rap rr Vol. 85, No. HY 10, October, 1959. + eee 


a. Presented at the October, 1958, ASCE Convention in New York, N. Y. Si 


Head, Design and Construction, Eng. and Watershed SCS, 
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Texas. A “pilot” watershed. program, sath by an item the 1954 

"Appropriation Act, included the Six Mile Creek watershed, Arkansas; 
Creek watershed, Oklahoma; and the watersheds of Green, Calaveras and 

: _ Escondido creeks and Cow Bayou, Texas. _Expansion of watershed activities | 
a, * nationwide was authorized by Public Law 566, enacted in 1955, , but operations | 
5 ws, had only started in a few watersheds in this area by the time of the ot a a 
ore 


the most severe drouth of recorded history. or above- 
normal rainfall was recorded for ‘only 16 months during the drouth in 
‘Texas. Consequently, watershed cover conditions were far below normal ove 
oo of the area when the 1957 spring storms occurred. = | 
gg hed rainfall began on ‘April: 19 and continued through most of June. 
‘Rainfall exceeding 150 percent of normal occurred in Texas, Oklahoma and 
_ western Arkansas during April and May. Storm conditions of this intensity ml ns 
and frequency had not been approached since 1908. 
‘During this critical storm period from 35 to 40 inches of rainfall were re- - 
corded at several locations. In the Upper Trinity and Brazos Rivers water- af 
= ‘many sub- )-watersheds had from 20 to 35 inches of rain in the 36- ~day Ge 
period. ‘Thea average annual long-time rainfall records for this area range pon 
od from 27 to 38 inches. The mean depth of rainfall over the three states was 
‘a sal 19 inches. This is is equivalent to 445 million acre-feet of ee or —— to 
the flood control pool of Lake Texoma 165 times. 
& om Maximum daily rainfall generally ranged from 4 to 10 malian The maxi- — 
2-day rainfall of 20 inches occurred at Hennessey, Oklahoma. Monthly 
"maximums recorded were 20.48 inches at Glenfawn, Texas; 22.38 inches at 
at pe ecru Oklahoma; and 19.07 inches at Sparkman, Arkansas. The weighted 
ie ‘rainfall on the Honey Creek watershed was 30.5 inches in 37 days, April 19 to 
Fig. 1 shows an isohyetal map of rainfall for the 3- month period. oe 
a “Fig. 2 shows the location of a number of watershed projects in which works © 
of improvement for watershed protection and flood prevention had been com- 
‘Total runoff for the 3-month period far exceeded previous records for both 
_ large and small drainage areas. Table 1 shows a comparison, for several aT 
of the 1957 with the mean runoff for that 


G a plain lands along the tributary streams | in the | 3-state area, causing ee 

ae estimated at more than $156,800,000. Ten lives were lost in creek floods in e 
aM Before proceeding further with the performance o of the floodwater retarding 


‘ _ structures during the storms it might be well to discuss the general design ' 


‘Floodwater retarding structures, as name implies, are of the r retarding, 
, they r release 
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Fork, Trinity River (Lavon 


tad River (Fulton, Ark. Ean 


Washita River (Du 


: ‘a designed to prevent flooding of the stream channel below. Fig. 3isa md 


: section of a typical floodwater retarding structure. In the criteria 


: . agricultural a: areas range from ‘approximately 3 inches of watershed ‘runoff in 
_ western Texas to over 6 inches in eastern Texas; from 3 inches in western i 
; Oklahoma to about 5 inches in eastern and southern Oklahoma; and about 4.5. Pot 
inches in northwest Arkansas. _ The average total storage » for the structures 
i built to date in this area is approximately 1000 acre-feet, with soproximately 
oo =a 800 acre-feet being detention storage and 200 acre-feet sediment storage. ab 


| ‘They are _ designed to have a 50- -year life before the ‘sediment encroaches on hte 


‘Usually the emergency spillways | of these structures are earthen and are 
protected with vegetation adapted to the area in which the dams are located. i 
4 this is Bermuda grass sod, which gives very satisfactory results 
f in most of the watersheds is of this part of the country. In western Texas and 
@ Oklahoma, native g: grasses and King Ranch bluestem have proved to be satis- ay 
_ factory. Some spillways are founded in rock and vegetation is not required. — ie 
a function properly, the spillways must be designed to prevent excessive — 
velocities. Experimental studies at the Outdoor Hydraulics Laboratory | of the 4 
Agricultural Research Service at Stillwater, Oklahoma, and tested by field rats : 
Ake application over wide areas, have determined the limitations that : must be = 
_ placed on each kind of vegetation used in channels and spillways. _ For ie: 
vi. ample, Bermuda grass sod will stand velocities up to 8 feet per second on — 
erosion-resistant soils and 6 feet per second on the less erosion-resistant — :: 
‘soils. King Ranch bluestem, a bunch grass, will stand velocities up to 3. Bo 
feet per second without damage. _ The spillways are designed to have flow 
depths and widths commensurate with permissible velocities. Much — 
velocities are permissible in rock spillways. ‘The maximum velocities 
tain to intermittent flows of only a few hours duration. 
is an emergency spillways are designed to have a 50- -foot level crest con- 
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Pot, 400 feet with a flow depth not exceeding about 4 feet under extreme storm 

ove conditions. The side slopes of the spillway generally | range from 2:1 to 3: ‘2 

%. _ except in rock excavation where much steeper slopes can be used. Fig. 4 _ 

i illustrates the various features of the emergency spillway design. a 

‘The exit channel of the spillway is extended to a point where it is con- a 

_ sidered safe to release the water. Safe velocities are maintained in the “a 

ue channel by properly proportioning the spillway as to width, depth of flow, and 

% gradient. Erosion may occur beyond the end of the exit channel, . but with 

cs = maintenance in this area the exit channel should be stable. a ae 4 

be sae It might be noted here that the use of vegetated earth spillways for flood 

. material divergence from the accepted principles employed by the engineer- i 
ing profession in past design. Detention dam operation, involving a controlled _ 

and temporary to reduce frequency of operation of emergency 


‘The structure embankments in this area generally range from 25 50 feet 
in fill height, the average being about 40 ) feet. The embankment volumes: rang 
- from about 26,000 cubic | yards to : slightly over 300, 000 cubic y yards, the a aver - 
age being about 97,000 cubic yards. The average cost to date of $38,000 < yi ry 
_ structure, including all appurtenances, is about 40 cents per cubic yard tb 
Fig. 5isa eee floodwater retarding structure of less than aver- 
= size, showing vegetated embankment and spillway and partially filled 
flood pool. structure is Site No. 11, located in the Pilot and Sister Grove 
Cue watersheds of the Trinity River near Dallas, Texas. It is 25 feet high a 
and contains 87,000 cubic yards of embankment . The drainage area is 1224 “a 
acres, with 530 acre-feet of flood storage —- 187 acre- -feet of sediment stor 


_ Although the embankments are generally homogeneous compacted fills it is 
ha necessary at times to use earth sections with rock blankets to fully utilize 
the material where rock is encountered in the emergency spillway. A tical 
section of this type of embankment is shown in Fig. 6 . Thi his structure is 49 
feet high and contains 52,865 cubic yards of embankment. . Ithasa drainage 
area of 1920 acres with 720 acre -feet of flood d storage and 85 acre-feet - a 
Dams with this | type section are more numerous in the northwestern part — 
_ of Arkansas and in the western and southwestern } parts of Texas, because cog 
_rock formations are more prevalent in these areas. Economics of design ona 
es construction require the utilization of all suitable materials available on the a 
We site. Rock from emergency spillways has been used in rock blankets on the _ 
upstream and downstream slopes. The rock is placed in lifts along with the 
ve impervious section. . T The | larger size rock is pushed to the outer edge of the 


| Gratin ee by m means of a rock rake attached to the front of a bulldozer. brie 


_ prevention structures with capacities up to several thousand acre-feet is a 5 4 


"significant reductions in the cost ‘of floodwater retarding sirectures 


necessary curvature in the spillway is placed in the entrance or forebay sec- 2 ae 
_ tion leading to the control section. The forebay is excavated 2 to 3 feet belo 9 4 - oe 
the elevation of the crest, or is reverse-graded from the crest to the forebay §§ | 
- 
for 
— 
aa 
; 
| 
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= 
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Detention Pool 


: _— the teeth, thus leaving the finer material closer to the impervious 
B section. In addition, a designed filter is placed between the compacted im-_ 
¥ s Figs. 7 and 8 illustrate the construction of rock-fill bl blankets and toe fee. 3 
_—_ _ section for Site No. 8, Green Creek Watershed, near Dublin, Texas. The dam aq 
is 48 feet high and contains 228, 655 cubic yards of material. It has a flood cee 


Often it is necessary to install tventeaion drains and relief wells for con- i 

trol of the phreatic line, the embankment, and piezometric 
pressures in the foundation. Fig. No. 9 illustrates the location and instal- 
lation of a drainage system in the foundation of Site No. 17, Barnitz Creek a 


Watershed, W Washita River, Oklahoma. . This drain consists. of 6-inch 
perforated helicor pipe ‘surrounded with a designed filter material. it is lo- aay 
_ cated approximately one-third of the distance upstream from the toe of the 
embankment to the centerline of the dam. The depth « of the drain below nor- — 
— ground line ranges from 6 feet near the right abutment to about 8 feet at 
the outlet end near the stream channel, The drain discharges into the outlet 
channel for the principal spillway, w where will prevent 9s spi. 
Vy Where relief wells are needed they are located downstream f: from the jie” 
of the embankment. ‘The wells are installed using galvanized pipe a and well 18 | 
screens with designed filters. are spaced horizontally as needed and 
_ provide relief from piezometric pressures in the deeper underlying aquifers. 
The wells are connected by means of a collector line which also discharges 
Construction specifications and designs are based on geologic 
site investigations and soil mechanics laboratory analyses. | Standard con- 
"struction n methods are used in placement of embankment material. Gaba 
tion control is based on laboratory analyses. Construction methods are iaand 
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Performance of Structures 
ome _ There were 367 upstream floodwater retarding structures in operation a 
- this area by April, 1957, with a combined flood detention capacity of iin 


285,200 acre-feet. Of these, 195 were in Texas, 149 in Oklahoma, and 23 in 

rs Arkansas. Through the process of filling, releasing and refilling during the 

ue storm period the structures detained and released in . an orderly manner about — 

_ 534,800 acre-feet of floodwater. If all feasible tributary watershed work for * 
b flood prevention had been Ae ape de it is estimated that 33 million acre-feet _ 

ion acre- “feet 


q Of the 367 | 99 flow the ¢ emergency 
. Three spillways flowed 4 times, 8 flowed 3 times, 23 flowed 
and 65 flowed once, The maximum duration of flow was about 14 days. The 
depth of flow ranged from a few tenths of a foot to as much as 2.3 feet at the 

a Vin Of the 99 spillways which ‘flowed, 62 were undamaged and 23 others re- “a 4 ‘ 

_— only ‘slight repair. Moderate repairs ($500 to $1200) were needed on 

_ 9 spillways, and 5 (four of which were not yet vegetated) required extensive — 

repairs averaging about $5,000. the time of the flows 53 spillways had 

fair to good vegetative cover; the cover was poor on 36 spillways; and5 

newly- -completed spillways were unprotected. The severe drouth was the 

principal cause of below-normal spillway cover conditions. The total cost 

| of spillway repairs amounted only to 1.05 percent of the total construction - 
ie of structures installed in the subwatersheds in Texas where 69 of the — 4 


= _ Spillway flows occurred, This cost was very nominal considering the fact ee. = 

~ that these structures were subjected to storms exceeding a 100-year fre- = ae 
quency. . The total cost of repairs was even less in Oklahoma and Arkansas. rae 
The spillways which sustained the | greatest damage had inherently bad soil 
‘ conditions and adequate vegetative cover had not been established. For + 
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ne SECTION THROUGH DAM SHOWING USE OF ROCK 


in neal by the Eagle Ford Shale formation. It was very difficult | wid core thi 

material during geologic investigations due to its hardness. _ In the same 

_ spillway it was necessary to use compacted fill in a 15-foot deep gully, x- 

_ tending up the center of the exit channel. During the continuous flow over a 

period of several days the hard shale became soft and eroded very ie. a 

whereas the compacted fill carried the flows without any appreciable damage. a 

a _ The spillway on Honey Creek Site No. 8 was ended on the hillside above _ 


<a black alluvium, Severe damage was sustained due to the erodibility of be ~ 
¥ the black soil and the abrupt overfall downstream o over which the discharge 
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compacted fill in the exit channels than previously thought desir 


— 
a Based on these and other observations e spillway location and design 
will avoid this type of shale, will include extension of the exit channel — 4 
alluvium to stabilized grade, and will perhaps utilize a greater thickness of each s 
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ais Returning to the hydrologic features of the storms, eee 10 shows the a ‘ 
_ inflow and outflow hydrographs for the floodwater retarding structure at = = 
Site 6, Six Mile Creek, Arkansas, for the storm of f April 27, on Mile: 


We “Rain began on April 18 and continued daily through April 24, amounting s 


3.52 inches. Another 2.4 inches fell on April 26 and the runoff (2.2 inches) — 
filled the structure detention pool nearly to the emergency spillway crest. a 5 
Pool inflow continued during the 9-hour interval between rains, and the 1.8 

‘ inches of runoff from the 2.0 irches of rain on April 27 produced the hydro- 
graphs the detention pool was full when the storm 


constant at 24 second-feet. 
= Fig. 11 illustrates the effect of floodwater retarding structures on ile: —— 


4 


| 
| 


4 Ss effect of spillway storage in the pool. When there is no spillway flow, i 7 


- inthe last two examples, the reduction i in peak discharge is very high. et a 
qi a For the 3-month storm period Figure 12 shows, for three representative : 
_ structures, the relationship between the total volume of runoff; the runoff _ 


volume and the designed floodwater 
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‘SITE 12, HONEY CREEK 


SITE 6, SIX MILE GREEK _ 


SITE 5 SIX MILE CREEK 
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FLOOD PREVENTION 


TOTAL 
SITE 2, SIX MILE CREEK ( area 3440 Ae. 


Sit 6, SIX MILE CREEK (Drainage Area 2648 roy 


SITE E12, HON HONEY Area 1 806 ae) 


OF ACRE ‘FEET - 


Since there was no emergency spillway flow at Site 2, Six Mile Creek © ar 
- watershed, the structure detained the total runoff, amounting to 3-1/2 times 5 
| the designed floodwater retarding capacity. _ The § structure at Site 6, Six a a 
_ Creek, detained 94 percent of the total runoff, or more than 4 times the deten-_ a 
tion pool capacity. At Site 12, Honey Creek, where the emergency spillway _ 
flowed twice for a total of ‘about 10 days, the structure detained 71 percent sang 
the runoff, or almost 3 times the capacity of the detention pool. 4 
Fig. 13 isa structure operation graph for Site 12, Honey Creek, for the 
3- month period. Amounts of rainfall by days also are shown. 
. rie The graph shows that on . April 24 the elevation of the water surface in ia 
; detention pool reached a point 3 feet below the emergency spillway crest, and Po 
_ that it did not fall more than 4 feet below spillway crest for 42 days. =a 


‘The effectiveness of watershed protection and flood prevention work Re 
preventing flood damages is illustrated in Fig. 14. Except in the ‘Chigley 
4 _ Sandy Creek example, which is only for one storm, the data covers the 3- Cis: Re 
month period. For four typical watersheds the chart contrasts estimated rhs Be 
damages without and with ‘a complete watershed program. Other bene- 4 
fits resulting from the works of improvement were ae soanideret in this oda ie 4 


Studies of flood damages during and following the 1957 ‘spring floods indi-— 


total flood damages in in watersheds in Arkansas, and 
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Texas would have amounted to $159, 208, 000.  % was estimated that the work — 
which had been done prevented $2, 162, 000 in flood damages. por seed sec 
_ Further analysis indicated that if similar work had been completed in all 
ete B coetk watersheds in the 3-state area in which it appears to be feasible, a atl 
ha total of $109,320,000 of flood damages ‘would have been prevented, or a re- ae 
4 duction of about 70 percent. Also, it appears that flood peaks would have been 
reduced sufficiently to have prevented the loss of the 14 lives. | 
3 a A high percent | of the needed conservation measures and practices had been 
applied in watersheds where improvement programs are under way. However, 
the severe and extended drouth had seriously reduced the amount and | 
of vegetative cover in most of Texas and Oklahoma. As a result, during the | 
April storms upland sheet erosion was widespread, and severe in many areas. 
Cover conditions improved rapidly throughout the area during the storm 


period, ‘and a reduction in the amount of sheet names — the storms in a 


were made it in 1 Texas to ‘determine the effect of cover "and soil con- 


a land use, soil and mre rcs conditions, the average was twice z as 
great on protected land as on unprotected. 
_ The performance of the watershed protection a 


nd flood 
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‘DAMAGE - THOUSANDS OF DOLLARS. 


OF ESTIMATED DAMAGES 
1 AND WITHOUT “WORKS 
tose 


large of technical data was collected, and from its 
it is hoped to develop worthwhile refinements and improvements in planning 
a The 1957 spring storms in Arkansas, Oklahoma, and Texas provided a _ 
severe test of watershed protection and flood prevention work, and fully 


SUMMA 

The spring 1957 fully tested a great number of flood- 
"water retarding structures and provided a large scale field test by which the } 
hydrologic, design and construction criteria could d be evaluated. 
4 tion confirmed the fact that vegetated earth spillways for flood prevention it. 
a structures can be safely used in connection with detention dam operation, in- 
volving a controlled outlet and temporary storage to reduce frequency of —? 
a operation of emergency spillways. * This principle of design resulted in sign 
a ‘ficant reductions in the cost of the structures and at a very low relative cost 


ef ‘wane flood damages has been demonstrated, and the effects of similar work 
in all creek watersheds in the 3-state area in which it appears to be feasible 
has been pointed out. Through the process of filling, releasing and valine 
during the storm period the structures detained and released in anorderly 
_ Manner almost twice the volume of floodwater as the combined flood detention _ 
- capacity for which the structures were designed. If all feasible tributary Scat 
_ watershed work for flood prevention had been completed, it is estimated ie 
i ss million acre-feet of detention storage would have ‘been available to control 
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WAVE- INDUCED MOTION OF BOTTOM ‘SEDIMENT { 

S. Eagleson,! A.M. ASCE and R. G. Dean,2 A.M. ASCE 


_ Theoretical analyses are presented yielding expressions for incipient mo- _ 
‘tion and net velocity 0; of f single spherical bottom sediment particles under = . 


ms Dont These relationships are verified by experiment and are extended to the — 
73 prediction of equilibrium relationships between local wave characteristics, ‘ 
slope : and median Han particle diameter for found on natural — 


_ The problem under study is the mechanics of the motion of sedimentary — 
beach materials, particularly | as it applied to their ‘Sorting due to selective 
onshore, offshore transport by shallow-water ‘waves. 
“ theoretical analysis is presented which yields an equation for the net 
=—— of | a single spherical s sediment t particle as a function of a resistance “a 
coefficient, Cp, the fluid mass transport velocity near the bottom and the oe 
slope. The equation is verified by laboratory measurements, 
"Measurements of the incipient motion condition are correlated with Rey- : 
nolds number by means of a derived resistance coefficient. 


By means of existing boundary layer theory both the net sediment velocity ale 


_ and incipient motion expressions are extended separately to the prediction of ae: 
the equilibrium relationships between local wave characteristics, bottom 
slope and median particle diameter found on natural beaches. Agreement _ 7 7 
Note: “Discussion open until March 1, 1960. To extend the closing date one month, a 
= written request must be filed with the Executive Secretary, ASCE. Paper 2202 is 
part of the copyrighted Journal of the Hydraulics Division, Proceedings of the 
a Presented at ‘meeting of Hydraulics Div., , ASCE, Massachusetts Institute 
“1. Assistant Prof. of Hydr. Eng. , Hydrodynamics L Lab., Dept. of Civ. and = 
Sanitary Eng., Massachusetts Institute of Technology, Cambridge, Mass, 
‘Research Assistant, Hydrodynamics Lab., Dept. of Civ. and — 
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Instantaneous ‘acceleratio f fluid or ‘sediment ft. /sec.? 2 

Coefficients associated with kinematic wave as 


Wave celerity, ft. /sec. 

Coefficient of drag at 


Coefficient of mass 
Coefficient of rolling friction 


Still water depth, ‘ft. 
Diameter of sediment particle, mm. or ft., as specified 
Sediment diameter as determined from “equilibrium” 


re! 


‘Base of natural logarithms, 2. 
referring to effective fluid | quantity or to. 


Fluid force on resultant of viscous 


force on n sediment particle, we weigh 


F «Lift force on sediment particle lbs. boone viscous) 


Fp Pressure force on sediment particle, lbs. 


F R Reaction force on sediment particle, lbs. 


Rolling frictional ‘force on sediment particle, 
mass sediment particle, lbs. 


Gravitational constant, 32.2 ft./sec.2 


to ropert at elevation, 


— normal to channel bottom at which maximum fluid ae 
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ith ki tic wave properties 
ici ted with kinemati x 
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= of on mass, 


of potential flow or to deep w water wave ‘geometry. 
ges ‘Reynolds number r based on net relative fluid- sediment at particle 


Re number, based on instantaneous relative fuid- sediment 


Higgins’ fluid mass transport velocity at elevation 


Fae 

Effective fluid ma mass velocity, ft. ./see. or OF ft./min. 


ne. fluid mass transport velocity evaluated near 


the bottom of the channel, ft./sec. or ft./min. as specified. 


Vs Net sediment velocity, ft./sec. or ft./min., as 
Coordinate pa: parallel to beach, Positive i in direction ote wave 
ropagation, origin arbitrary, ft. 
referring to coordinate normal to beach. 
Coordinate normal to channel nattom, positive origin 
at upper edge of roughness particle, ft. 


of beach with horizontal, 


measure extent of viscous effects a wave 


Coefficient of rolling frictional resistance 


os “Wave ve phase angle, ra radians, origin 1 90° behind wave cres 4 
‘Kinematic viscosity of fluid, ft. 2/sec. or cm.2/s 


_either to kinematic conditions in region 
- 
™ 
or to 
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_ Angle betw between resultant ig and face. of beach, radi radians. 


steepens, the particle displacement ‘and velocity increase in magnitude. ‘This 

2 unsteady fluid motion at the bottom produces hydrodynamic forces on the or 
sediment particles comprising the beach. Under the proper conditions, these 

Ef forces may be of sufficient magnitude to initiate and maintain motion of the % 

sediment particles. For sediment densities near that of the the net 

sediment motion approaches the mass transport of the fluid. 
ay It is recognized that other | wave-induced phenomena ‘such as rip and littoral 

a ~~ Current, breakers and bed fluidization can cause local motion of bottom sedi- = 


ments, but it is the general motion due to wave passage that is examined here 


Ippen and Eagleson(1) made extensive laboratory observations of the 
of discrete spherical sediment particles under wave e action. ¥ It is sthe 


a aim of the present study to expand the theoretical basis of the previous inves-_ 
ra tigation through re-evaluation of existing da’ data and | through additional related 

experiments in order to present the data in in terms of familiar physical rela- as 
at tionships which may be prey! extrapolated to natural beach conditions. 2 
A i divided | observed | motion into two 


Incipient sediment 1 motion - an instantaneous reached when the 


a resultant of all the active forces on the e particle eee line connecting q 


the bed- particle contact points. 


BS, - Established sediment motion - an oscillatory or quasi- oscillatory condi- 


of the instantaneous active forces exceeds that value necessary to initiate ae 
tion. The instantaneous hydrodynamic forces are oscillatory in nature an 
and 
ae due to wave asymmetry, their net value | a ton average over one a 
_ period) is always in the onshore direction. Gravity, however, provides an 
& ies unidirectional offshore force. Thus, the particular local sediment, wave and 
. oe beach characteristics will determine an offshore gravity force and a net -" 


shore hydrodynamic | force, the difference between which will lead to onshore 3 


é This paper | will take up these two classifications in the order listed a Ms 


” finally will apply the > results of both investigations to natural beaches. — 

Considerations 
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Figure (1) shows the instantaneous acting on a discrete spherical 
sediment particle on a plane beach with spherical particles of 


The individual forces are defined under LIST OF NOTATIONS. 

B. Incipient Motion fi 


Incipient motion has been described above as a condition of unstable 
equilibrium in in which the obliquity of the resultant active force must equal 


the slope of an element (lying in a plane normal to the wave crests) of a ; 
polyhedron bounded by the reaction forces. 
Bs For a bed composed of irregular sand grains, the number, inclination and 2 
angular orientation of the reaction forces may have infinite variation, the e 
average of which defines a mean, right circular “stability cone” the elements 
of which make angle 9 with the cone’s axis. ir“ cme” te ements 
If the viscous resistance and apparent mass forces are assumed to act 
through the upper odge of the particle and all others through the particle - : 
center (see Fig. 1), and if moments are taken about the point | of | bed particle ticle 7 
“contact, | the conditions of incipient motion | may be written: 
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Viscous Resistance AND 

TCmacli*cos o) *2_COS > 


Ss 
| Ma ano Pressun RAVITY 

as in which | the: combined viscous and non- viscous normal forces Faalte and 

Fy respectively) are expressed in terms of a a lift coefficient, 


a aye Assuming that the sediment nent particle is is in motion throughout the entire wave 
_ cycle, the established motion condition is expressed by summing all forces — 
Es parallel to the bottom. For waves shoaling with normal incidence, this is mei 


NERTIA Pressure Apparent Mass ere (2 
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the relative instantaneous velocity, (vg - - Vs) 


ot elevation at which the instantaneous and acceleration are 
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HY 10 SEDIMENT 
ie The net sediment velocity may now be obtained by PrN Eq. (2) 


‘over one complete wave cycle to yield: 


or 


- 


A detailed derivation of Eq. (5) in Reference 


cyclic integration of much ‘higher in instantaneous velocities. Ss. Tra and ar are 4: 


thus to be considered as indicative of the remainder 0 of intense instantaneous 
action and not, in general, as capable of significant dynamic action of their of om 
own. _ Nevertheless, in a region of linear drag (as in the assumption here) the a 
relative net velocity as determined by the difference between these two resi-- oa 
dues is identical with the average relative instantaneous velocity. ‘The 


‘difference between the two net velocities, therefore, does have — ry 
order to verify Equation (5), it was necessary to determine, | 


tally, of V., Up ¢ Cp and and | Cry for gi for given beach, » wave and sediment 


_ In keeping with the aim of the study, simplifications | were rere made which hal- . 
lowed concentration on primary variables. 
_ The experimental facilities consisted of a 100 foot long, 2- 1/2 foot wide ' 
= 3 foot deep glass- -walled wave channel in one | end of which an artificially — j 
roughened, fixed plane beach of variable slope was installed. _ Waves were 
» generated at the other end by a horizontally reciprocating piston actuated al 
al hydraulic servomechanism with continuously variable acaba and stroke. <i 


The range of variables tested ig 


Characteristics of the incident waves in the constant adil 


= 1/22. 4=0. 
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The ‘surfaces were coated with a uniform of sand 
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‘TABLE Re ‘Characteristics of Test Waves Before Transformation 


8. 92 43 7% 0. 196 

0.265 1.68 1.75 0 157 0237 

sh 8, 39-1675 (0208. 039 
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grains. whose mean diameter, as as determined by sieving, was: rt =. 


addition, a smooth, uncoated surface was used yielding a of 


assumed mean height: 


chy 


202 


wave were determined by means eans of 


nt Motion ave: 


toes wave characteristics until stationary sediment particles tipped out of — 
roughness hollows and continued to oscillate. 


I cS eg Unfortunately, it was not possible to obtain a reliable indication of the wave 
phase at which this condition was reached but note was made of the direction 


The ‘net velocity of single spherical was by timing 


net movement ¢ over successive Six inch increments: on the beach. 
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4 
to get a statistically valid picture of net particle 
position this single particle was repeated 10: times which 


a 95% confidence interval of + 10%. 


‘Fluid Mass Transport Velocities 


ee In order to determine Us, the fluid mass transport v velocity effective in 


- the motion of a given size sediment under a given wa wave, globules of a fluid 
immiscible with and slightly heavier than water were introduced on the fod nes ads 
smooth beach surface. Measurements of the mean net globule velocity were _ 
then made under the same test waves as described above for sediment parti- cr 


he. 
ae To define the distribution of net mass transport velocity through the >. 
layer, measurements of ant of a range of sizes 


Nominal Size Specific Grav- |_| j 
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assumed to be that of the fluid at its 

Ce It is recognized that bottom roughness will modify the near- near- — a 

bution of instantaneous fluid velocity however its _— on the ‘net ———— 

_Resistance Coefficients 

ae -“ Because of the difficulty of evaluating the coefficient of rolling friction, é : 
Rx, its effect was approximated by including it implicitly in the definition of 

a arse coefficient, Cp> as was done by Carty(3) in an experimental study of 


4 the resistance coefficients of spheres on a plane boundary. The study Se 


ai performed in the manner of a “fall velocity” determination by timing the 


a) steady-state rolling velocity of various spheres on an inclined smooth plane 
boundary sub d n fl ds of diffe t viscosit 


- She Presentation and Discussion of 


‘Net Sediment. Velocities, : 


ne _A complete tabulation of the net sediment 1 motion data has been published 


thus onlya sample willbe givenhere. = 
In Fig. 2 the ; average net velocities obtained for various sediment particles 
waves No. 2 and 3 are plotted with respect to position onthe beach. 
ae Following the motion of the 3 mm. glass particle on the smooth beach a help- 
summary of general observation is obtained 
sie. _ A point of zero net velocity may be seen at approximately Sta. 48 where | 
nee the sediment is in oscillating equilibrium. This same particle introduced off- 
_ shore of the equilibrium point will move offshore under the predominant driv- 
4 ing force of gravity. As the particle moves offshore it moves continually into 
a weaker fluid velocity field . Eventually the maximum local effective instan- 


See incipient particle motion and a quasi - oscillatory sediment motion containing 

ae Be only the offshore cycle may result. With progress into still deeper water, am 

even this motion will vanish and the sediment will come to complete rest. 
Onshore of the point of oscillatory equilibrium, the effective fluid veloci- 


Bee ties provide the predominant driving force and since they increase sharply in 


the direction of motion, they produce a considerable net convective particle a 


In the vicinity of the b preake r, the o onshore motion is more and more op- i 


| 


posed by the backrush from the preceding 1 waves =e sediments come to | 


iv Transport Velocity, ied 4 


Higgins(4) p presents a theoretical solution for the mass transport 


velocity distribution in a closed channel which a continuity. 


bottom boundary layer this solution | given by: 
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Velocities 


Note’ 


OFFSHORE BEACH STATION: — ONSHORE 3 
TYPICAL VARIATIONS “IN NET SEDIMENT 


WATER PARTICLE VELOCITY WITH POSITION 
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bey A sample set of distributions of net velocity ; at three separate | 

- points on the smooth, 1 to 15 slope under a given wave is shown in Fig. 3. a, ¢ 

ie _ Because of the difficulty of determining the true net boundary layer limit due a 
_ to the presence of the return flow, the more readily distinguishable point of ot 
maximum net velocity was chosen as the reference dimension, j, for dimen a 


sionless comparison of the velocity distributions. i 
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10 | 10 SEDIMENT PARTICLES 


All the experimental velocity distributions are presented o on this 


Fig. 4 where they are compared with ‘Longuet- Higgins theory Eq. (6). 
ory 


which is given by the the first maximum of Eq. (6) to be: ial 


% 
2 O. 197 0215 | 7 


€ than t 
% 
“tern 


eory,Eq (6) of 
o a= 


10 
_ 
due 
en- 
7 
eee. 
q 
| 
sets 
Sl 
- 


y sl, 10-54? /sec. 

Beach slope=!: 


‘ 


ve ~Symbo 


— 


> 
6 


ae 


— 


OF MAXIMUM MASS TF 
DARY LAYER 


A 


— 
meai 


ang 


E ‘ ‘power law” distribution such as the 1/4th power « curve ‘indicated in Fig. 4 i 


q _‘Fected for this 1 velocity | effect as shown | in Fig. (6). 


| _plicity, the effect ¢ of rolling friction. Since this frictional force is afunction 


4 


that the theory was developed a constant depth while the 
bottom had a 1 to 15 slope. For waves 1, 2 and 5 » velocity distributions were — 
measured close to the toe of the beach where the wave possessed essentially = 
its constant depth characteristics. The extent of the variation caused by depth — . 
change is indicated by the distributions for waves 2, 3 and 4 which were ea) 


t measured at three progressively shallower depths in the transformation of  - 
f single wave. It would seem that any effect of bottom slope would a 
e with decreasing depth to wave length ratio d/L. _ However, experiment ap- 

"proaches theory with increasing wave period (dicntening d/L in this case) as ae: 


may be seen from the measurements of j in Fig.5. | a 


= It is thus reasoned that the discrepancies noted between theory and experi- 
_ ment are not primarily a result of the sloping bottom but may be due to some 


may provide a more accurate description of velocity variation n close to the 7 
bottom. It is interesting that recent unpublished experiments by the senior " 
author have indicated instantaneous bottom shearing stresses to be several _ 
times greater than | theory for waves comparable in frequency to these. ..* % 
_ Because of this apparent inaccuracy in the theory when applied to a s 
tory waves the mass transport velocity effective in the motion of a given — is 
= was measured as described under Experimental Procedures. Some of = 4 
these data are shown in the sample data presentation (Fig. 2). The similarity 
“ in the curves of net sediment and net fluid Gia: indicates | the an vara ous 


nature of the two phenomena. 
Resistance Coefficients, Cp and Cry od 

lati 


2° 


‘carty(3) has included implicitly in Cp at least | a partial effect of pet pS a 
‘friction. | His coefficients are presented as a function of Reynolds Number, i, a 
Rp, in Fig. (6) where they may | be compared with those for spheres" in| an 4 
The conventional reference velocity, “ “Vos” used in drag computations 
‘the root mean square freestream velocity. In this case the component of big Be 
peripheral velocity in the direction of translation (relative free stream 

= velocity) varies linearly from zero at the bed totwice the translational = = 
; Velocity, vg, at the upper edge of the particle. The root mean square rela- a 

tive: free stream (evaluated over the projected area of the particle) velocity 


may be shown to be 1.12 times the translational velocity which was we CMR b 


Ther resistance curve for Spheres: rolling on a plane boundary w was cor r ie 


Fg. the degree ee to which Fig. (6) determines a 
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COEFFICENTS FoR 


\ ROLLING ON A PLANE BOUNDARY (by Corty, Rats) 
\ 


experimental points thus indicates the effect of rolling to be quite 


It should also be noted that es is a basic hydrodynamic ‘difference be- 
tween the gravity-induced motion studied by Carty and the fluid-induced net 
_ sediment motion which is of prime concern here. This difference lies in the 
i or _ Sense of particle rotation with respect to the direction of the relative transla- 
_ tional velocity. The effect of this reversed flow picture on the resistance af 
coefficient is zero in an infinite fluid and has not been determined in the ee 
es __ Absorbing the effect of bottom friction in the resistance coefficient, — 
In onder the of Equation (11) to compute 
coefficients using measured relative net velocities. Data from 
_ oe shoreward of f the point of maximum net convective acceleration (i.e. _ inflection 
point of the curves such as in Fig. 2) were excluded due to the actionof sy 
: : forces not included in Equation (11). All other data for a given value of the — 
» Fg sin a and for each ach boundary geometry ‘D/k, were averaged — 


and the resulting coefficients are compared with the Carty curve in . Fig. 1. 


perer. the boundary geometries are similar, that is at high “7 A scattering 
Ee of points fi from 1 rough surfaces shows 2 a trend to consiitently lower coefficients 
the s same number as the ratio D/k decreases. effect of low 
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D = Sediment particle diameter 
Uf= Fluid mass transport velocity 
= Instantaneous fluid velocity 


“a Sediment specific 


| 
S = Fluid specific grovity in 
ac ~ = Mean diameter of sand roughness element 
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4 consequently the streamline ne configuration. 

4 larger bottom resistance which leads to smaller net sediment velocities. ie 

b Under the definition of | Equation ( 11) both effects should lead to lower coef- 

«If the percentage difference between resistance coefficients far different — 
‘D/k’s is assumed independent of Reynolds number, the effect of on Heme 
‘geometry may be shown as in Fig. 8, for esta stablished motion, ip 


te Equation ( 1) the momett acting ona atetionary 
sediment particle. It will be assumed that incipient motion occurs for a given — 
Wp and at the wave at which the hydrodynamic portion of 
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a SEDIMENT PARTICLES 
this moment has its maximum value. Because the moment is composed of | Ta 

drag | and inertial components which are 90° out of phase, the value of this be 

For waves ) gives the near-bottom velocity distribution as: 


[sin - sin (0- (12) 

ag) 


Differentiation of the first owe terms of Eq. 


in to obtain th the loca- 


tion of the maximum hydrodynamic moment then yields: ai roe i 


i is assumed equal t to 0. 6 as given by for a sphere ona 
“smooth plane boundary in potential and PCy, is assumed to 0. 85 Cp 


as given by Chepil.(7) Then: 


oh If Cp is assumed constant at the appropriate value determined for es- - 
tablished matin at high R - then, as might be expected, the drag and lift a ; 
forces predominate for all 8D and the phase for | 


in an effort to obtain independent Geter minations of fCp, Cm and incipient 


6. ‘presumably to the scatter of the data, wildly varying results including 
imaginary and negative were obtained and the technique was 
An approximate | of these data may be under the 
‘tion that all accelerative effects may be ignored. With this assumption the — i 


condition of incipient motion is given by Eq. rewritten to 


J 
— | 
Equation and its first time derivative are now substituted into q- (1) 
“4 
— 
— 
Cp 18 assumed inversely proportuonal to R with the constant of ro- 
-portionality taking on the appropriate value determined for established motion 
at low R - then for a large BD (these laboratory data) inertia forces will pre-_ 
dominate and the phase angle @ of maximum force will be close to 0° while 4 
for small 8D (most natural beaches) drag and lift forces will govern asin a 
— 
RES 


effective ve Vp i is 3 given Eqs. (12) and evaluated a! 


6 = 270° or 90° depending upon whether the initial motion was observed to be 4 
the offshore or onshore direction 106 sigrk 
tangent of the angle of repose (tan for the various bed-particle 


supporting ‘the particular particle ‘until motion 1 ensued. ‘These data are 
presented in Fig. 9 in comparison with the theoretical relationship for an ei 
idealized bed-particle geometry. It should be remembered that the values of 
a _@ determined in this manner apply to incipient motion in a moving fluid only | 
when the resultant active force acts through the particle center. Due to the — 


effect of bottom ‘roughness in elevating the point of of me 


Reynolds number, Ry. Each: represents the of 1 to 
Fi % 10 separate determinations (each under different wave conditions) of incipient 
AF motion for each separate combination o of Fg, D/k anda. 


ra {2 Since in all probability the critical p phase angle is somewhat less than 90° 
the drag and lift forces and Reynolds number will be less and the resistance 

a _ These data should not be expected to agree completely with those for es- 
a ei tablished motion however since for ow D/k at at least the latter include an ap- 

__-preciable effect of rolling friction. | Oh aie 


is possible to conclude only that there is no be- 
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‘SEDIMENT PARTICLES 

of to Natural Beaches 


distribution may be explained 1 qualitatively on the basis of the findings 1 re- Pe 


Although the type of sediment motion dealt with here ons oh obscured mins 
any one of several others on natural beaches, certain phenomena of sediment 


- Observations of many natural beaches show the median sediment size to be — 
distributed from coarse to fine in the offshore direction and the skewness ‘ial 
- local size distribution to increase consistently in the same dir direction. ~ a 
- Two of the laboratory-observed phenomena reported yield a ‘qualitative 


The equilibrium condition of established sediment 
~ The condition of incipient sediment motion 
s 


As long 2 as instantaneous fluid velocities exceed the incipient value at a 


referred to as established 


: ee In the laboratory, due to the constant experimental slope, the condition of 
E oscillating equilibrium producing zero net motion is a condition of unstable _ a 
} equilibrium as far as any single particle is concerned. This is true with any ee 
wave train of essentially constant form since any irregularity which forces a . 
the sediment particle off its equilibrium location moves it into a zone of net | 
‘motion leading away from the equilibrium position, 
A typical natural beach, on the other hand, has a slope which varies from _ 
mild to steep in the onshore direction, a fact which causes the condition of ae 
oscillating equilibrium to be one of stable equilibrium. Any irregularity in i yo 
the wave train will produce a net hydrodynamic force on the particle which /* ‘(al 
tends to move it away from its equilibrium position. Due to the slope varia- a, 
tion this particle displacement brings into play a modified gravity force pide! 
which acts to restore the particle to its equilibrium position. 
_ Considering the condition D/k = 1 to most nearly represent the bed- ~~ od 
particle geometry of equilibrium natural beaches, the resistance coefficient alll = 
may be written for the range of interest as: ue Er, 
Ta! Substituting Eq. (18) into Eq. (11) and simplifying for the case of 3 int erest, t 4 


ed 
— 
— 
= 
{| 
| 
a 
| 
| q 
— 


In order to define for natural beaches the. velocity distribution 


325% 


* 


On a very rough bottom (D/k = 1) th the sediment particle is partially em- 


a The effect of this ‘shielding on the particle area exposed to drag is im- 1? Flow in’ 
plicitly in the drag coefficients given in Fig. 8. a ; 


in which D is in feet and U, is in ft. per sec. itsh 
(24) describes the relationship between particle size, size” re 
a beach slope and local wave characteristics under the assumption that the the initi 
equilibrium condition of established motion’ is the controlling At th 
on the other hand, the sediment size which the conditions for 
»scillating equilibrium ‘at all locations Cannot be > moved by t the maximum 
local instantaneous fluid velocity, then the median remaining size will be © a 
er _ Suppose a beach which i initially had the sa same normal distribution io sand 
sizes at each location is subjected to a given incident wave until the | sorting © 
ni process has reached equilibrium. In the deeper water, only the smallest of 
fe the: sediment particles will be put into motion with some moving onshore and 
ee some offshore. At stations further on onshore the size just capable of being — 


locs 


particle size) increases thereby producing an absence of a larger and larger 
Percentage of the smaller sizes. This effect will move the median 
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‘SEDIMENT PARTICLE 


As stated above, for small 8D the ‘maximum | moment is in . phase with ae 
velocity. Under these conditions the effective velocity, Mis as given by beliq 
‘Eqs. (12) and (14) may be approximated by: 
0. 86 > — Lae bobs AD< I. 1.0 
has Eqs. (18) and (25) may be substituted into Eq. (17) to et Tae one. 


Again fo: for sand in sea water, Eq. (26) pe 


where tan ¢ is obtained from Fig. (9) for D/k =1, 


Eq. (27) describes the equilibrium relationship between particle size, 
beach slope and local wave characteristics under the assumption that the oe ; 


condition of incipient sediment motion is the controlling mechanism. er 


| 
‘ 
A 


_ Flow into the permeable natural bed under the wave crest will increase a er 
taneous fluid velocities are just able to move) is smaller than the equilibrium 
remaining size. For small beach slopes Eqs. (24) and (2 27) may be combined — 
sind 


indeterminate at this time, results from considering the bed to be permeable. — are 
ei 
the effective particle weight and may in fact put the whole surface of the bed iat q 
oa This would normally lead to smaller incipient sizes in a zone of onshore 
emg and larger incipient sizes ina zone of offshore motion. Oe cane 
_ It should be remembered that the degree to which the “incipient sediment a4 
in initial distribution of sizes at the locality. he: 
_ At this time it is not possible to state which of the above criteria governs 
wherever the incipient size, Di, (that 1 maximum size which the local instan eet 
sediment size, D,, , (that size which would be in oscillating equilibrium = 
the local fluid velocities) the equilibrium criterion cannot govern the median 
| to yield a definition of this limiting condition: 


An additional important simplification, the quantitative effect of which is “7 

particle stability, but flow out of the bed under the wave trough will reduce oe m 

size” " represents the median remaining size depends to a great degree upon > 

the formation of equilibrium beaches. It is recognized, however, that ag ey 


Co: 
r §  Itcanbe seen from Eqs. (24) and (27) that fora given wave system there 7 

isa a between the local sediment diameter and the local beach © 7 


e most representative of 4 
— 
| 
| 


slope at t equilibrium. ‘For a measured ant of beach. wave 
teristics it is possible to test the applicability o: of this relationship. o> 
Data concerning local depth and median particle size along fourteen ranges 
three natural beaches on the Eastern c coast 0 of the United States were 
: plied by the Beach Erosion Board. A sample o of the information is shown olay 
~. The significant wave estimated by the Beach Erosion Board | to apply to Pics 
beaches has an 8 second period and a deep- water height, = 1.5 ft. 


‘Using small we wave theory \ wave re characteristics 
bracketing those of the estimated wave were introduced into Eqs. (24) and @ 
and the resulting expressions were plotted as the solid lines of Fig. i 
_ There is considerable variability in the natural beach data and Socienaieill 
the arithmetic mean of all measurements at constant Hj)/d was determined & 
_ and plotted along with arrows to show the extent of the variation. . Excluded 
irom the averages in Fig. 11- a were all data points for which the theoretical 
_ diameter ratio, De/Dj, was greater than unity as determined | from Eq. (28). | 
The small numbers by each plotted point indicate the number observations 
variations are due in some part to the difficulty of small local 
ee a Agreement of the mean data with theory is remarkable for both theoretical 
| a Thus, for known predominant deep water wave characteristics it is possi- 


ble, using these criteria, to: oA 
Pes 1. Predict median sand size distribution on knowing the the equilibrium beach 
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" PREDICTED OBSERVED EQUILIBRIUM CHARACTERISTICS OF NATURAL BEACHES 


2, - Predict equilibrium beach profile knowing the distribution of median = 


‘Use| of Eq. (11) the rate of permit simul-— 


” taneous determination of both equilibrium slope and sand size distribution _ 

‘ starting from known initial, unstable values of these variables. . Current 

_ investigations are proceeding in this direction. 

*. complementary laboratory investigation of two-dimensional natural sand wil 
beaches is currently underway in the Hydrodynamics Laboratory at M.I.T. Ey 
under the apeeeenalyp of the Beach Erosion Board. The mas of this study 

Be To diesen to what extent either of the above criteria may be applied 


or can be modified to apply to the prediction of equilibrium profiles of | Gi ety 


‘tion can be utilized in the of transient beach behavior a 
= 
ear. 


A series of experiments | was was made co! concerning two facets of the wave in- 2 


} duced motion of discrete spherical sediment particles: (1) Established net 
a motion on both smooth and roughened beaches 
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1950 


equation of net sediment motion was derived and by the labora- 


Lagan Two criteria for the local mean sediment size - beach s slope ope relationship _ 
‘for equilibrium beach profiles were developed and compared with 


 ™ following conclusions may be | drawn from this set of experiments: 
“ae 1. The bottom boundary layer under high frequency (o > 2) we waves | is con-_ 


thinner than predicted by available theory. 
. The instantaneous drag force is linearly related to the stints 


fluid-sediment velocity in the usual range of sediment particle 
_ Reynolds number (as defined by the instantaneous relative fluid-sediment saad 
_ velocity) encountered in the zone of established motion in both the laboratory | 


ship between the local characteristics of slope and median ee ween 
on two-dimensional equilibrium natural beaches: 


2 = On the basis that the 1 median remaining size is indicated by y that size 

0» 10" 


sin (a +.92)= 8.0x/0%. 


Technology under the sponsorship of the he Beach Erosion ‘Corps of 

Particular credit is due Mr. Luis A. Peralta who heninet much of th 


1. & 
— 
ibe 
by the equatio 5. 
which Cp includes the effect of bed resistance and is, by conclusion2,a 
— 
— 
= 
| 
— 
— 
This investication was carried out at the Hvdrodvpami aboratorv in the 
ii 
— 
— 
: Sis 
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turbulence gate slots, and cavitation ‘damage just downstream 
. from gate slots, occur when wheel (or roller) gates and slide gates are oper- — ; 
i ated at small o openings under heads in excess of about 35 feet. A discussion : 
_ of these conditions is given together with a discussion of the investigation ir * 
which led toa applicable, -cavitation- slot design. 


_ There are many factors to be considered in designing gates i the aes: | 
. z or slide type. One of the most important factors concerns the es 


or slots in which the ends of the gates are supported (Fig. 1). _ This paper dis- ; 
cusses the hydraulic characteristics of a wide variety of such slot shapes. ao 
Unless gate slots are properly designed turbulence and cavitation will oc- 
cur to cause the destruction of roller chains and wheels as well as costly wt | 7 ._ 
damage to flow surfaces (Fig. 2). More extensive damage than that shown in 
the illustration has occurred in several cases. Turbulent surging within the i= 
slots can be controlled by baffle plates attached to the bottoms of the gates, 
and, to some degree, by shaping the slots. It can also be eliminated by | attach- 
ing extensions to the bottom corners of the gate leaves to fill the slots. Cavi- . 
tation can be eliminated only by preventing the occurrence of vapor pressure i 
in or near the slots. This may be quite difficult to accomplish in the high me 
head installations encountered in present day designs. The difficulty of elimi- 
| hating cavitation pressures therefore reduces the sate slot problem to 
Note: Discussion open rh’ March 1, 1960. To extend the closing date one month,a 
written request must be filed with the Executive Secretary, ASCE. Paper 2224 is a 
part of the copyrighted Journal of the Hydraulics Division, Proceedings of the A — 
Society of Civil Engineers, Vol. 85, No. HY 10, October, 1959. 
ke Presented at the June 1958 ASCE Convention in Portland, Ore. _ | 
1. Hydr. Engr., Commissioner’ s Office, Berean of 
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GATE SLOTS 


Damage roller | chains by violent excessive 
erosion on flow surfaces of Bureau of Reclamation Stoney gate installations ae 
led, in 1941, to studies of the causes and remedies for the trouble. An ap- wot x 
- praisal of existing structures, as well as structures under construction and it 
in the design stages, disclosed the need for a four-phase investigation to ool 
_ tain satisfactory and economical solutions for all the structures. The first -. . 
e phase was an inspection of existing structures to determine whether or not % 
cavitation damage had occurred and under what conditions. The second phase 
was to develop a means of correcting the trouble at existing structures with o 
a minimum of alteration. The third phase | was to evolve a satisfactory slot = 
—= that could be constructed within the confines of block-outs provided al y 
for second-stage concrete in spillways under construction. The fourth phase 
, was to develop a design which would be generally applicable to future ‘struc-— 
tures. This four-phase investigation concerned specific projects using wide “] 
oe for wheel or roller gates that operated under heads of about 50 feet. —_ A 
A discussion of the investigation results is given in subsequent sections of —— 
int! 


eget 


~ 


| 


F eheel and slide gates under much higher heads. Over the years following the 
_ tests mentioned | above, many different types of outlet structures were —_ 
2 During this time there was a constant trend toward higher heads and more 


a = operating conditions, particularly on slide gates. However, it was ast ig @ 


~ ms u until inspections were made in recent years, and severe damage was reported 


= on slide gates, that the problem was again high-lighted and the study of gate . | 


| 
he first laboratory tests « on were made on a relative- 
ly large- -scale, sectional hydraulic model. A gate leaf controlled the flow, 


and thus the influence of the leaf at various positions was included. In this | 


within the « capacity of the laboratory | pumps. - However, , when higher heads a 
were considered, the pump capacity was no longer adequate for complete hy- 
BB cee models of reasonable size, or for scaled ‘sectional models that includ- 
eda leaf and a slot of adequate size. Modified : sectional models which con- 
_ tained a relatively large slot in one wall of a closed rectangular conduit were 
therefore used for most of the gate slot tests. Water was used as the flowing 
medium in the first test facility (Fig. 3). be Air ‘was used in a similar 2 apparatus 
for subsequent tests. Gate leaves were not used in these facilities. A cavi- 


tation testing constructed i in the was used in one 


is ata ce The m manner in which the gate e leaf affects the flow in the slot, , and the ‘influ- 


ence of this flow on the pressures in and near the slot, are important in the 


of gate slot problenss. ‘The portion of the tests discussed in 
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this paper were made on hydraulic and models represent- 
= the gate in the wide open position with the conduit downstream flowing full. 
At first thought, this method of testing would not seem to cover all the im- <a 
- portant conditions for the slot. However, an examination of flow conditions — ae 
_ during the opening : and closing cycles on a gate shows that this method will a 
satisfy nearly all conditions ofoperation, = 
em As the leaf of a wide open gate is moved toward the closed position, it de- 
- flects the flow downward and outward into the slots. This action becomes _ eo 
- more pronounced as the leaf moves farther into the flow and it soon prevents | .. j 
5 aeration of the slot. This “sealing” point varies somewhat with the shape of 
the slot, but in all cases occurs at or near the wide open position. . Tests made — 4 
-— ona large hydraulic model illustrated this flow characteristic. The model = R: 
tested had slots with the downstream corners offset away from the flow ap- a a 
proximately 1/3 the slot depth, and walls downstream from the slot corners — ~ 5 
flow through this gate cleared the slots and the downstream walls 
when the leaf was wide open, and during closure of t the gate until it reached m Pe 24 
about 97 5 per cent open. At the 97 per cent opening : a small amount of water 
was deflected into the slot and a great deal of air was carried with it. This 
air-water mixture > spiraled downward in | the slot and flowed back into | the _— 
stream at the bottom of the body. 1 As the leaf closed to 95 per cent open, more 
water was directed into the top of the slot, but only the portion of the jet near 
_ the top stayed in contact with the 2 walls. As the leaf closed to about 93 per — 
= open, the slots filled quickly ar and the sides of the jet ‘contacted and re- pe 


mained in contact with the diverging walls for the full height of the jet. - Some 

air was drawn into the slot at the corner near the gate leaf bottom at 93 ~ 
cent open, but no ) air entered the slot at an opening of less than 92 per cent. 
‘The gate opening at which the slots fill will vary with the slot design. On nd 
"most gates filling of the slots will occur nearer full open than with the tested é 


gate because the offsets in the tested gate were relatively large and the - — 
downstream walls divers ed. 
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Because of the filling and sealing actions described above, it is believed 
that the data presented are generally applicable to the gate slot problem, par- 
ticularly with the reference pressure taken at the downstream face of the leaf, 
and the reference velocity taken as the average flow velocity passing the care 


The data would not be applicable at large gate openings where the flow clears 
the downstream corners of the slots. _ This condition is not critical. The data 
_ would also” not be applicable at very small openings with ‘most slot shapes be- 
= _ cause at these openings the downstream edge of the slot becomes a control ti 
anda contraction occurs at the corner. This condition will be ae in 
detail in a subsequent part of this paper. “BAT 
In recent years model studies have been conducted on most of the gate . slot 
_ types used by the Bureau of Reclamation. These studies were made to keep 
‘pace with more severe operating conditions, and because it was desirable to rs 
* forestall inadequate operation wherever possible. The tests concerned slide 
a gate slots in particular, but the results are applicable also to wheel gates — ft 
since the main difference in the two types is size rather than shape. va) aor 


It is important to note that the tests discussed in this paper were made © 
“over a period of years, that the facilities used \ were not t always the same, and 
that many equipment and technique changes were made to obtain data which at 

3) first did not appear pertinent but later proved important. In light of these nf 
_ factors, the correlation between the r results of the various water and air 

models was considered excellent. However, direct comparison of data 
_> Ae sented in this paper must be made with care. One factor which makes com- j 
Parison difficult is the relative location of piezometers. . The steep. pressure 


ms of Sa leaf, and hy = velocity head for average velocity past gate — 


_—- During the analysis « ‘of the test data, it was found that if hy was assumed to 

por pressure, the relationship, “h  & did not indicate the true head at 


than actually existed in the field structures. A slot shape was therefore — aa we 
_ placed in a cavitation test facility to determine what value of hy would dutet i. 
_ when incipient cavitation occurred at the slot (Fig. 4). In this facility the 
ambient and could be varied to produce ca cavitation of dif- 
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and just below the downstream corner, make relative locations in 
models quite important. This was not fully taken into consideration in cles 
— earlier tests. Where data are presented for design use, sufficient 
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= 
HY 10 SLOTS 
‘Test Results 


after the damage | ‘shown on Fig. 2 was was found that 
the structure shown in Fig. 2 was the only one which had incurred serious * 
"damage. & Two: other structures had not operated sufficiently to be damaged, 


while another, which had operated for moderate periods, showed no damage. 
lot § It is of interest to note that an inspection made on the latter structure in 1956, pa i 
D some 15 years later, revealed minor cavitation damage near the crest aia a 


just downstream from the gate slots. 


Tests on Existing (Damaged) Design 


A 1: 24 model was ‘constructed of the gate design which had 
wut damage. Tests showed that turbulent surging was present within the 
gate slots where the roller chains ware located, and that this surging caused ae = 
movement of loose parts of the chains. The destruction of the | prototype roller 
chains was attributed to this action. Tests showed that the surging could be 

and § reduced to reasonable proportions by placing guard plates i in th the slots at the vi 


— _ A number of gate slot shapes were tested in an attempt to eliminate the oy, 
Lew low v pressures which caused the cavitation. The The objective at the time was to ns 
— eliminate all regions of subatmospheric pressure originating g from the gate P? 
slots. Several treatments accomplished this, but not all were practicable. 
re Some of the most promising designs f for various stages of construction are f ; 
t § Flow lines in the bottom of the slot and on nearby surfaces of the original 7 
are design at a small gate opening were recorded by paint tests. The tests — 
eter clearly the presence of a separation zone along the wall es | “— 
Irv stream of the slot, and the presence of complex currents within the slot. A 
lo plot of the pressure distribution on the wall downstream from the slot a” a 
severe subatmospheric pressures in the separation zone (A, Fig. 
treatment proposed for the damaged structure, that of placing 4 a de- 
a, Gnoter at the upstream corner of the slot and a 90 degree circular arc atthe 
d to downstream corner (B, Fig. 5), was never used. The power units at the oH 2 _ 
set project were placed in operation shortly after specifications were prepared © yy 
at for the slot changes, and the requirement of the gates to release large quanti- ay 
ties of water frequently was eliminated. - Only repairs to the damaged a - 
were deemed | necessary y and this work was 
‘a slot with a deflector on the upstream corner, an outward offset onthe 


downstream corner, and an inward curve on t the downstream wall that connect- 

ed to the previous, ‘parallel- -wall alinement, was developed for the under aS 

construction case (C, Fig. 5). This design has been used ona limited n number — 
of structures a1 and there has been no report of damage. 
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C. DESIGN FOR STRUCTURES D. ARC CONVERGENCE BELOW SLOT 
UNDER CONSTRUCTION DESIGN FOR FUTURE STRUCTURES 
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_§ Variations of the design adopted for the under- construction case were con- 


sidered for future projects. ¥ One was similar to that t developed la later for rela- a 
tively narrow gate slots (D, Fig. 5). In this slot the offset of the downstream 
corner was about one- -third of the slot depth, considerably more than for the | 


stream wall with m no evidence of separation. . Other tests showed the pr pressure 
distribution to be entirely satisfactory. The design was not pursued, how- | ma 
ever, when it was decided to avoid the slot problem by using extensions on we a 
bottom corners of the gate leaves to fill the gate slots. 
_ The slot filler extended down into recesses within the spillway crest when 
the gate was closed, and rose with | the leaf to fill the slot as the gate opened. 
| The filler occupied the full slot section to form smooth, continuous flow i 
anes on which no subatmospheric pressures or cavitation could occur. __ 
_ ‘The ideal design of this type would be one which filled the slots at all gate 
openings. _ This was ‘considered impracticable and a length of 6 feet was final- — 
ly adopted for the one case where the extensions were used because — 
at larger openings would be rare. At this point the tests were ree . a 
war - requirements and work was suspended for several years. 


periences was published. (1) The article pointed out that the problem was es x p 
a new one, and stated that it was necessary to alter and repair structures built 
as early as 1885. y betw of the solutions used were illustrated. There is ~~ oa 


4 


Plans were made to use slide gates at higher heads than those at which rb ve 7 
‘damage had already occurred. A series of studies on the standard slide gate . 


showed that severe subatmospheric pressures existed just downstream from 4 


the slot. The pressures at high-velocity flows we were so ante Gut cavitation 


| Early studies disclosed that low pressures could ‘exist in as many as four w Cea 
| locations in and near the slots, ‘depending g on the « configuration of the slots. 
This was the case regardless ofthe type of leafused. = | 
| ‘The research on the water and air models concerned five distinct types of 
| slots, pony numerous variations of each type. The types will be referred to as: 


ao + Original slot with inline upstream and downstream | walls | (Standard 


orne 

_ 3. Slot with offset downstream corner and parallel downstream wall. 

4. Slot with offset downstream corner and divergent downstream wall. “ae 
Slot with offset downstream corner and downstream wall. 
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s have shown that a amount of circulation occurs | i 


ia ones, it is believed that gate slots should be made as narrow as possible. 
However, in most of the tests made to obtain general data, the slot eases 
varied to cover width- ~to-depth ratios from 0.5 2. 2.5. Ina few 


ratio in id 4 


shape referred to as the original design, showed a critical 
fe pressure area on the wall just downstream from the downstream slot corner. 
_ The pressure relationships for critical areas of the slot at various width-to- 
= ratios are shown in Fig. 6. The curve for the low pressure within the | A 
a shows that pressures are about the same as the reference pressure, and 
that there is little change over a wide range of W/Dratios.§ 
aoa + ‘The pressures in the slot at the downstream corner are above the refer- 
ence pressure and increase as W/D increases. The pressure at this point 
ss increases rapidly, and then gradually, indicating that the flow spreads | 
¥ into the slot to cause a pressure build up as the slot widens. The leveling off 
of the pressure with the wider slots might be expected because the conditions 
are approaching those for a sudden contaction withina pipe. = 
_ The pressures on the surface immediately downstream from the down- 
stream slot corner are the lowest found in this design. Subatmospheric 


~, indicated that cavitation 


q 


ta will occur with this design for heads of 50 feet. This suggests that a ca 


“to occur at the slot and that scale effect may be an important factor. a oe | 
_ To determine the pressure that would exist just past the downstream slot 

_ corner Ww when incipient cavitation occurs this slot shape with a W/D ratio of 

1 0 was as placed in a special test facility (Fig. 4). _ Tests were made at several 

- velocities. At each velocity the ambient pressure was adjusted until cavitatio 

, “<< just be seen Clearly 2 4) the downstream slot corner. The average value 


for a piezometer located 0.06 inch from the corner was -0.14. 


--10.0, and 60. 0 feet of | 


zs 


x "water, respectively. ‘Thus the pressure on the just downstream of the 
downstream slot corner need not be of vapor pressure magnitude for cavi- d 
tation to occur at the slot. This same phenomenon has been observed in Aaa 

studies made on the formation of cavitation in the vicinity of abrupt, into- the- 
From | he ‘cavitation tests on this shape it was concluded that there was a 
va ue of the relationship for each slot shape and wh D 


However, this relationship is not an ‘appropriate tool for predicting cavitation 


_ becaus e it does not include - basic requirement for cavitation, that is, va vapor 
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A ny parameter tor. cavitation at is the cavitation 
Rg or index for the particular slot, K= , where, h > is ; the comput- 
2 ed saniees pressure in 1 feet of water in the flow passing the slot, Hy is the — 
vapor pressure referred to atmosphere, and hy is the velocity head corre- 
ponding to the average \ velocity of flow passing the slot. ‘The index for in- 


cipient cavitation for the tested slot shape was 0.28. gute 


A program for determining the critical cavitation indexes for particular 


paper do not provide this means of pin-pointing the cavitation characteristics 

_ of the various slot designs, it is extremely valuable for visualizing and com- 

_ paring the cavitation potential and other hydraulic characteristics of the i 


er shapes is currently being pursued. _ Although the data presented in this — 


In one gate ~~ a forced iden was used to overcome the slot 
; eee (Fig. 7). This large contraction directed the jet away from the slot 
and provided aeration as the jet issued from the gate. - Model studies i indicat- 
ed satisfactory operation with free discharge and with back pressure oper- 
_ ation where aeration can occur. Several units of this design have been in- | 
; stalled, and no trouble has been experienced after a number of years of oper- 
a ation. The capacity of the design is somewhat less than for the usual slide a 


gate, the discharge coefficient being 0.80 based on the orifice diameter. This 


Deflectors on Upstream slot Corners 


ie In tests made on a gate for a medium head installation which released flow 


; directly into a stilling basin, the required uniformly distributed flow was s ob- 

a tained by adding small deflectors at the upstream edges of narrow slots, and 
= by eliminating t the convex curve on the upstream face of th the gate. Noo se 

a ‘pressures were measured in the v vicinity of the slots. ‘The deflectors de- go 
creased the capacity of the gate, the discharge coefficient being decreased “ 
‘The design was used in several moderate head installations. Then the nee 
arose for a higher capacity, higher head gate. An extensive investigation was 

begun to develop a cavitation-free slot which would not ‘Seriously ; affect gate 

Lo capacity. ‘Two deflector heights for five different slot widths were tested. if 
_ The deflectors varied from 0.025 to 0.25 times the slot width. In the first i: 
series, the downstream slot corner was in line with the upstream wall. ‘The 
cr wt deflector | caused a lowering « of the pressure within the ‘slot for all widths, but 
SA _ there was a gradual increase in this pressure as the slot widened (Fig. 8). i 


_ For different deflectors, the higher the deflector, using reasonably small g 


_ ‘dy result from the ejector action induced by the deflected jet as it passes the 


slot. The lowest pressures within the slots were substantially below the a 
reference pressure at the downstream face of the gate leaf. The pressures 


were severely subatmospheric in all cases, particularly so for slots with 


_ Small width-to-depth ratios, 


oF Similarly, the pressures within the slot at the downstream corner we 
subatmospheric, as were the pressures the 
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A second series of deflector tests was made with the | downstream sot 


The amount of offset the manner in which the surfaces just 
. han from the corners were alined were of particular — — ie 


Offset Downstream Slot Corner and Parallel Downstream Walls 


ae Offsetting the downstream corners outward and continuing the dover 


poner curve for this design shows that critical conditions might exist at 
three locations (A, Fig. 6). Pressures within the slots were substantially ae 
lower than the reference pressure. They would be severely subatmospheric _ 
™- low back pressure on the gate at all width - -to-depth ratios, and would “« 


“ejector action at ‘the slot that lowers the pressure within the ‘slot. 
1 _ At small W/D ratios, the pressure within the slot at the downstream ‘vag 

_ was severely subatmospheric for ali offsets tested. ‘pressure increased 
gradually as W/D increased. Subatmospheric pressures would be most se- i 
vere for the larger offsets, unless effective aeration could be provided. — 

_ Pressures immediately below the downstream corner of the slot may be _ ae 
selsen or negative , depending | upon the offset. P Large offsets and wide slots 
oS The wide slot with a large offset is is similar to one on which cavitation pt: = _ 


SA 


_ damage occurred in the field. Pressure relationships obtained from a model | f 
of the slot are shown on Fig. 6. These adverse cy eee os show that the es 
cavitation damage could have been expected. 
‘The pressure characteristics of slots with offset corners and 
F parallel downstream wall indicate cavitation within the slot for all emnagt veal 
small offsets, thus the design was considered 
i The effect of offsetting the downstream slot corner and iuilnanies the flow ae 


passage with divergent walls was investigated. typical pressure curve for 
this design is shown on Fig. 10. The pressures within the slot were much be- 


low the reference pressure | and severely subatmospheric | when there was little — 

or no back pressure on the ¢ gate. The subatmospheric pressures became more 
severe as the offset increased. The pressure increased slightly as w/D D 

wee Pressures in the slot at the downstream corner at small W/D ratios may 

be above or well below atmospheric, depending on the amount of offset. There a 
wasa pressure build-up at this location for all offsets as W/D increased. —— 
a Pressures immediately below the downstream corner may be above or om 
"greatly below atmospheric pressure, depending on the amount of offset andthe 
4 ratio. Primarily the pressures were negative. Generally, the pressure — ‘ 


decreased as W/D increased. The became severely subatmospheric 


95 
oliset slightly outward. The results were not greatly eren 
Be with no offset (Fig. 9). No further tests were made using deflectors be- [i——- 
cause they caused the pressures within the slots to go considerably below the | 
reference pressure and appeared to be conducive to cavitation for all but very | 
ely low heads. Furthermore, they restricted the flow passage too much and re- oy Be | 
duced the car ne capacity of the gates. bsequent tests were directed 
| 
ctq 
4 
if 
a 
— 
pang 
‘Sra 


3 Squore | corner) hy= Pressure at point 
5 deflector,  D.S. from gate leof. 
fg — 


--~Piezometer 
locations 


DEFLECTOR 


= 


PRESSURE DOWNSTREAM OF RI. sot 


= 


WITH DEFLECTORS AT UPSTREAM CORNERS 
WITH OFFSET DOWNSTREAM CORNERS. 
_AND. 24:1 CONVERGING DOWNSTREAM WALLS 


— 

— 

— 
— 

«PRESSURE BELOW DOWNSTREAM CORNER OF SLC 

ET... 

a 


0.15" (NON) 
W=3.0",D=20" 
hy= Pressure at point — 
No= Reference pressure 
immediately downstreom | 
| hy Velocity head at referenc 
DISTANCE FROM DOWNSTREAM OF SLOT INCHES 


GRAM ‘OF 


“DOWNSTREAM CORNER | 


RELATIVE ; 


Lowest PRESSURE IN SLO BELOW 
FIGURE 10. PRESSURE CHARACTERISTICS-_ 


OFFSET DOWNSTREAM CORNERS 


24: | DIVERGING DOWNSTREAM WALLS 


— 
| ae j * 
= 
— 
— 
— 
— 
— 
AT) || 
— 
— 


: oe The e design w with a a large offset and diverging walls \ was ‘iaitiee’ to one on 
which cavitation damage was experienced. Pressure relationships obtained 
4 from a model approximating the prototype structure are shown in Fig. . 10. 10. 4 


They indicate that low pressures within the slot were the source ce of Sanae. ai 


Offset Slot Corner and Converging Downstream 


ae! on Two distinct types of converging walls were studied. In one Cs the eal 
ne vergence rate was constant, such as 12:1 and 24:1. In the other type the rate 
: varied, such as a circular arc extending from the aes fenton to the point 7 
of tangency in line with the upstream wall. 
The first tests were made using a hydraulic model. ‘The deat: were quite 
encouraging and one of the shapes was used successfully in two field instal- — 
_ lations. 2) Tater most of the shapes tested with water were reexamined in | 
air and all subsequent tests were made with air. 
12:1 Converging Wall. —One design in common use, having a 1-inch offset 
corner rounded on a 1-1/4- -inch radius and a 12:1 converging downstream 
ee ae wall, was among the first examined by model studies. The test shape differed 
slightly from the prototype shape in that the upstream slot corner of the 1 
= was not rounded because it was reasoned that the rounding would cause 
_ the flow to expand into the slot rather than to continue past it. This expansion 


would worsen pressure conditions in the contraction at the downstream 
of the slot. ‘The pressure curve (Fig. 11) obtained with the test shape in a 

J hydraulic model is similar to that previously reported. (3) _ Negative ~ 

near the intersection of the 12: ‘1 convergence and the ee: wall were se~ a Fa 


i 


a 4 tests indicated that the outwardly offset, 1-inch- rounded corner with a 12: 4 
= = _ convergence eliminated cavitation pressures near the downstream edge of the 
zz —* but transferred them to the line of intersection of the converging and in- 
line wall sections (Fig. 11). Field shows cavitation aslot 

3 

a sharp one on the basis that earlier exploratory tests indicated no adverse 7 
_ effects. An offset downstream corner followed by a 12:1 convergence was ; q 


g i investigated ae slot widths. The offset to width ratio varied from 


_ The lowest pressures within the slot were slightly less than the reference 


_ pressure at the downstream face of the leaf. These pressures approached the 
aie reference pressure as the W/D ratio increased. _A rising pressure trend was 
a noted within the slot at the downstream corner. ‘The pressure immediately i 

, “ratios and decreased to reach the reference pressure as W/D increased. The 
as _ pressure immediately downstream from the intersection of the converging — 
and parallel wall sections was below the reference pressure for all w/D 

ratios, and changed little with changes inthis ration 

a 24:1 Converging Wall.—The pressure distribution for a slot with a do ft 

stream corner offset a small amount and the wall immediately downstream _ 

_ converged at a 24:1 rate was similar to that for the same offset with a 12:1 i | 

convergence 12 and 13). The lowest pressure within the slot did not 


ce ae downstream from the corner was above the reference pressure at small w/D 
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_ slightly below the iatnes pressure at the downstream fa 


_ approached the reference pressure as w/D increased. Ac comparison of data : 
from the hydraulic and aerodynamic models for a 24: 1 convergence shows» 
excellent agreement (Fig. 13), | 
Pressures in the slot at the downstream corner were below the reference — 
_ pressure at small W/D ratios and increased rapidly as W/D increased. re 
ie - Although pressures immediately below the downstream corner decreased 
gradually as W/D increased, the peeneares remained positive until the W/D 


nat ‘Pressures downstream from the line of intersection of the converging walls” cf 
are somewhat below the reference | pressure. The p: pressure relationships are 
~ constant for all W/D ratios and are nearer the reference pressure than for a 
the 12:1 convergence. . The tests with water indicate slightly lower pressure — e a 
than the test with air (Fig. 13). This is understandable because the surfaces _ bs 
upstream and downstream of the line of intersection were machined from 
metal on the hydraulic m model, and were hand worked in wood on the air model. 24 
A much sharper intersection ‘line resulted in in the e metal, and the pressures a 
just past this line would be expected to be lower than for the slightly less 
“:. * In one series of tests, the slot depth was decreased to 1/2 the original - .. 
depth (Fig. 13). The pressure trends were similar to those for the deeper _ 
but occurred more gradually. It was concluded that the amount 
more by the slot width than the slot depth. 
36:1 Converging Walls.—A more gradual convergence downstream 
the offset corner changed the pressure conditions only slightly. The trend of 
- the lowest pressure in the slot was about the same as for the more rapid con- 
_Vergence with the same corner offset (Fig. 12). This was alsotrueofthe 
_ pressure within the slot at the downstream corner and the pressure immedi- _ 
_ ately downstream from the offset corner. At —— 2.5, the latter pressure 
a Pressures at at the line of jutursagtion were slightly higher and, thus, nearer 
_ the reference pressure than for the more rapid convergences. However, the 
change was not sufficient to eliminate the need for rounding the corner at the ane 


Slot Corner and Curved Converging Downstream Wall 
ree ae low pressures just downstream from the line of intersection of the 


converging and parallel walls were cavitation potentials at high heads, and a q ; 
_ means of preventing these low pressures was sought. Considerable im- _ 
| provement was obtained by rounding the : intersection downstream from the 
not eliminate the a 
tation potential y Figs. 13 and 14). It appeared that substantial rounding would ra 
be required to materially reduce this cavitation potential and it may be be net 4 
as feasible to make the convergence ; a continuous curve. 
_ Are Convergence.—Radii which varied from about 80 to 300 times the — al 
corner offset were tested. Pr Pressure-wise this ane proved superior to all 
‘ The low pressures within t the slot were slightly below the reference Ae 
‘pressures for all arcs when the ‘downstream ‘slot corner was The 
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i 
a pressures } int the slot a at the downstream corner were 
the reference pressure at small W/D ratios and increased rapidly as Ww/D- i 
increased. Higher pressures occurred when there was no offset of the il an 

_ The pressures downstream from the slot corner were generally : above the e 
reference pressures for all arcs used in combination with the offset down- _ 
stream corner. . When no of offset was provided the pressures W were substantially 


lower and were much lower than the reference pressure : at a W/D of 2.5. I a 


_ The lowest pressures occurring on the curved converging wall sections | 
were slightly below the 1 reference pressures and were about t the same for all 
_ Elliptical Convergence.—In some recent installations where ‘regulation was 
required under I no back pressure or under a great deal of back pressure, use 
was made of a slot with parallel , outwardly offset downstream walls and with 
a plate on each downstream corner that extended into the passage the amount 
of the wall offset. The plate was intended to induce 2 separation at the wallto 
‘permit circulation. of flow to relieve low pressures ; adjacent to the wall. This | 
design was considered for only those cases with free flow or with high back j 


pressures and no model studies were made at the 


3 In a recent wheel gate installation it was necessary to regulate at various ~ 
openings with moderate submergences. The slot design with the extended 


= 


“plate at the offset downstream corner was investigated. 

a Hydraulic ‘model tests showed that the jet was unstable and shifted rapidly 5 
from side to side, indicating changes in pressure and flow pattern in the vi- 
cinity of the plates. Similar instability was shown in air model tests, and the ir: 
pressures downstream from the plates were much below the reference 
pressure. It was reasoned that the instability, low pressures, and pressure 
fluctuations could be eliminated by better aeration and/or by filling the con- _ 
traction areas just downstream from the plate with fillers of elliptical cross _ 
section (Fig. 16). _ It was found that venting the region just downstream from — 
| the plates had little influence on the unstable flow. However, the tests for 
this specific installation showed that the elliptical shape eliminated the un- ; 
stableness and raised the pressures until they were only 2 to8 8 feet below ‘ 
Some reduction in capacity will result for elliptical shapes protruding into 
the stream. In the structure for which the tests were made, the discharge 
was limited by a long unlined tunnel, and the capacity reduction was not . a0" 
portant. ‘This reduction might be « of prime importance where capacity counts. ‘a 
One of the most important advantages of the elliptical shape protruding — 

into the stream is that cavitation will not be induced at any gate opening, i! 
cluding very small openings. Particular conditions encountered at very small 


i 


— are discussed in detail in a ‘subsequent part 0 of ne, He 


Rounded ‘Upstream Corner 


The | effect of upstream corners slots was by 

testing two degrees of rounding at several W/D ratios. The tests showed that 

a small amount of rounding ha had little effect o on n the pressures in and near the 

slot, but that appreciable rounding produced a noticeable effect ( Fig. 17). The 
larger radius caused a pressure build-up in the slot, increased the contraction, ae 


lowered the ‘pressures just below the downstream corner, as 
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FF. will be dwt. during ‘operation at very small gate openings when ‘ “short-| 
en the leaf seal surface and the body. » — 


cs tube” ” action will take place between 
ae — such operation is at high heads, cavitation will occur and there will be noise, 


vibration, and damage. Use of the gate at | openings where short- ~tube 
M 


q not critical until it is less than about one-half the width of the seal n> sha 


Small Gate Openings with and Without Back Pressure 


Extensive pressure measurements disclosed severe e subatmospheric 
pressures near | the floor just downstream from the slot for s ‘small sub- : 
mergences at gate openings ; equivalent | to about 5 inches on a 9-foot high gate. 
Apparently, the area for water to enter the slot becomes large with respect — 
to the area under the gate, and the downstream edge of the ‘slot just beyond ! 
‘the leaf bottom acts as the edge of an orifice. A contraction forms at the 7 7 


: corner, and if the velocities are e and no aeration can occur, the pressures 


pressures which occur for back pressure series of tests con- 
cerned reducing the slot width near the floor, and another concerned m moving — 
_ the slot upstream relative to the downstream leaf face (Fig. 18). No overall — 
_ benefit was gained by narrowing the ‘slot near the : floor, and a local region of 


ed. The n: slot tests were. 


— 


= was s reasoned that the slot corner r could not act asa control if the slot 


_ proved entirely satisfactory hydraulically, but the arrangement was not ideal 
because of ‘seal A seal design which satis- 


* Another solution may be found in the design where elliptical shapes that. 
project into the stream are placed downstream from the slot corner. © Pre- 

SS studies show that these shapes can be cavitation-free at all gate aI 
and downstream submergences. Additional studies are needed to 
establish the design factors. = 


Notch in Deflector — Slot 


‘Tests ona n a deflector with a notch i in ‘the corner (Fig. 
_ showed severe subatmospheric pressures in the notch when the gate leaf regu: 
“lated the flow. These low pressures occurred in. regions of the notch near 
_ the gate leaf bottom, and as the leaf moved up or down, the region of sub- | 
atmospheric pressure moved accordingly. ‘The removal of the notch eliminat- 5 
ed the severe subatmospheric pressures. It was concluded that if a deflector | 


_ is used it must continue without change in ae until it reaches the upstream 
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of Downstream Corner of Slot 
a _ The downstream corner was kept sharp in most of the tests to simplify th the 
Oe design. Tests show this to be satisfactory at all openings for the free flow a 
- condition. _ Also, it permitted the use of a gate with a shorter span. However, : 
in some cases, a rounding might prove beneficial. _ This is particularly true | 
_ in cases where relatively wide slots are required and where submerged flow — 


is present. An elliptical shape, such as shown in Fig. 16, is at present 


‘The slot ¥ with an offset | corner and a constant rate converging wall was used 
in the Palisades Dam outlet works. The design was developed in the early 
scl tests made on the water model , and the convergence used was 60 to 1. Th e 2s 
Offset of the downstream corner was 1/2 inch. 
gate bodies were made up of welded plates. The floor andlower 
portion of the walls of the downstream ; gate frame were made from a single 
plate. A 2-inch radius was used where the plate was turned upward to form 
_ the walls. The transition from this rounded corner of the gate frame to the 
; sharp corner in the concrete flow passage downstream was made by a. con- 
crete fillet about 10 inches long. This fillet produced s surfaces that receded i 
from the flow on about a 10.1 slope. > | 
_ ‘Since the slide gate used at Palisades outlets was a new design, and it was” 
ay known that : severe damage had been experienced on other designs, close toler- 
ances were specified for constructing and installing the gates, and frequent | 
and thorough inspections w were recommended during the operating seasons. 
= the first two gates 1 were placed in n operation, it was noted that the 
2 _ concrete walls projected inward from the metal surface of the gate body as © 
much as 1/2 inch. _ Grinding of these abrupt in into-the-flow offsets was required 


a «of the contractor. _ However, the | grinding was done on a rather ‘sharp bevel, in 
Fs An inspection of the downstream m flow passages, after considerable oper 
— showed evidence of cavitation at several locations. ‘The: cavitation at 
is these locations was determined to be of a local nature produced by surface | 
2 irregularities in in the concrete. . Pitted ; areas were found on the walls immedi- . 
Le ately below the gate frames at points where small into- the- flow offsets in the Y 
ae _ concrete walls had not been ground. Other areas were found downstream of fi 
rather steep bevels formed by grinding larger offsets. Cavitation was 
noted ir in joints in the concrete surfaces and on the surfaces of the fillets 
placed in the bottom corners downstream from the gate frames. th 4 
‘After subsequent operation at small openings for about 30 days at a head of 
about 190 feet, another examination was made. cavitation damage at all 
a8 locations had increased somewhat, but the damage on the corner fillets had 7 
_ become § serious. It was therefore necessary to repair the damaged areas, and 


x to prevent future trouble by providing longer, better constructed bottom corner 
3 & A close « examination of the flow passages disclosed other interesting “a a j 
factors. Cavitation had occurred just downstream from an abrupt, into-the- 
flow offset of about inch 19). 
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to determine the cavitation potential of abrupt t offsets 

when subjected to high velocities and various pressures (Fig. 20). 
Cavitation damage was also noted in the concrete downstream from voids — 
: commonly known as “bug holes. ” The damage was noticeable at the larger 7 


a holes, and nonexistent at the | small holes. _ The dividing point seemed to be «& 


ae There was no damage at the downstream end of the 60:1 converging wall, _ 3 
[ and there was no damage to any of the metal parts of | of the gate where -instal- : 
lation had been made strictly in accordance with specifications. 
From these observations, it is concluded that the cavitation downstream 
_ from the Palisades gates resulted from local surface irregularities and inot — 
from the gate e slot. design. The damage is being rey repaired and the known 
5 cavitation-producing irregularities removed. Periodical inspections will be 
_ continued to ascertain the effectiveness of the corrective measures and to de- 


tect any other characteristics be for or cavitation 


pressures just from the downstream corner slots with 


= inline upstream and downstream walls make this design 
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to cbsittalidaiis* The pressures are much below the reference pressure at the 
_ downstream face of the leaf, and decrease as W/D increases. The design 
serves adequately for heads less than about 35 feet. = = = | 
_-Deflectors at the upstream edges of slots produce an ejector action which 
lowers the pressures at the slot far below the reference pressure and will in- 
duce cavitation. _ There may be a small deflector design which would give a 
ah satisfactory pressure conditions, but its size could be critical. A very large 
_ deflector which would cause a heavy contraction can be used successfully at a 
a Slots with offset corners and parallel downstream walls will have severe _ ; 
= pressures ; within the slot and on the flow surfaces immediately down- 
stream from the slots. The pressure within the slot will be lower for large © 
& than for small ones, and the pressure downstream from the down- — 
stream corner will be lower for small offsets than for large ones. This de-— 
‘a sign appears adequate for small offsets at moderate heads. = ‘evr 
-. Slots with offset downstream corners and divergent walls have low pres- ot 
is ‘sures within the slot or immediately downstream from the downstream _ ae 
a. corner, depending on the amount of offset. The design is only satisfactory 
with large ote at a limited Fange | of slot ot widths, and small operating 
Slots with offset downstream corners and constant rate converging down- 
stream walls have low pressures just downstream from the lines of inter- 
ie section of the converging and parallel walls. The pressures decrease as the 
rate of convergence increases and the intersections become cavitation 
- Slots with offset downstream corners and constant rate c converging g walls, 
; with a rounded intersection will be free of cavitation at rather high heads. see 
Further testing is to the head limits. It is best use 
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re be rapid enough to cause ailtiee adequately rounding the line of inter- a 
section. A 24:1 rate of convergence with a 12-inch rounding is considered + 
adequate for moderate heads, but a larger radius would be more desirable. 


_ Asiot design using offset corners and a variable rate of convergence is 

the most desirable from the hydraulic standpoint. Arcs used inthisdesign _ a 

i should have radii in the range of about 100 to 250 times the offset of the down- 

stream corner. Ellipses can also be used with excellent results. 

oe upstream corners of the gate slots should not be rounded or notched P ~ 

both are detrimental to the pressure di distribution. 


i _ The widening of slots permits more expansion of the jet into the slot, tend- Ls 


2 ing to increase the contraction at the downstream corner. However pressure ey 
_ conditions are acceptable for a wide range | of W/D ratios in designs using: off- 
q set corners with converging walls. This is particularly true for the 24:1 : oe uN 


convergence and the long-radius curvedconvergence. 


Ba Sharp ¢ downstream 1 corners of ‘gate slots sh should always be offset away from pe 
the flow. Z The offset of the downstream corner ofa gate slot should be small 
and related t to the slot rewytersee reasonable limits, this offset is not ot 


ag 


F - feasible. Some | development work is needed ag perfect a seal design, but this 
_ Sufficient field data have been obtained ona 7-1/2- by 9-foot free dis- 


ss gate to show that an offset of 1/2- inch followed by | a 60:1 convergenc ce 
‘is cavitation- ~free under a head of 200 feet. 


holes.” 
‘downstream from | gates operating under high heads. 
_ Gate slot fillers have been used successfully to eliminate flow disturbances — 
ane by slots. However, the fillers are expensive and complicate the de- - 
q sign of the gates. Furthermore, the wells needed to receive the followers , 
-may become plugged with debris and may present serious drainage problems. -_ 
th cases where these limitations can be overcome, and where slot fillers — 
. te truly flush, smooth flow surfaces, they ey ca 


Cavitation will occur where the bottom corners of the frame of a ‘gate 
Pounded, the corners of the flow channel downstream are square, 2 and short 

- fillets are used to blend the rounded corner into the square one. Long fill fillets 
er Where there is a finite seal width across | the bottom of the gate leaf, there 3 
pe will be a gate opening below which cavitation will occur between the leaf a 
es and the floor. This opening will be about one- -half the seal width for free 

discharge. In cases where the flow is submerg red, the critical opening be 
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‘This article presents a method | for eliminating trials in the > arithmetic- a 


are derived for analysis ofa ‘simple surge tank under 


_ “load off” conditions, and solution of a is 


writer’s experience relative to accelerated in by 
a simple surge tank is limited to hydraulic design of pumping plants serving — 
storm and sanitary sewer ' systems, and to filling and emptying systems for 
_ navigation locks. Another application is a water supply distribution tank, on 
which acts as a simple surge tank with sudden imposition or rejection of . ed 
- Tire fighting load. In hydro-electric works the simple | surge tank is seldom 
used today. However, it is believed that most ere make their first aw 


young engineers to to “cut their teeth” on. 

ie The theory of surge tanks is described in sufficient detail in standard ~—- 
a books on the subject of hydroelectric design to preclude the necessity for re- °_ 
Ms peating it in the present paper. _ Therefore, the author proposes to discuss the — va 
subject only to the extent necessary to ‘describe the method of eliminating | — 

: trials in the arithmetic solution of a simple surge tank problem. No st 

M4 has been made to apply the method to the period of operation of t turbines a 
to complete closure of gates. > Since each turbine has its own performance _ 

Re curves, it is doubtful whether the method applies t to this period. — eee 


Note: Discussion a open until March 1, 1960. To extend the closing date one eles vege 
written request must be filed with the Executive Secretary, ASCE. Paper 2225 is “a 


| Be part of the copyrighted Journal of the Hydraulics Division, Proceedings of the Ds 
American Society of ile D 85, No. HY 10, , October, 1958. ; 
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time of (sec) 
Q initial | in conduit or it 


= b d of iod cfs \ 
rate filling ourge tank at at pk of peric 
x change in conduit discharge during period (cfs) 


hy = rise in surge tank during p period (ft) form as fis 
hg = = retardation head at beginning or end of (ft) 
= - coefficient of discharge 


ope Subscripts of 1 or 2 represent values at beginning or end of period, respective 


le Surge Tank 


; duit, which is controlled by a simple surge tank. The water level in the surge 
tank will immediately begin to rise and continue rising, until the flow in the 
conduit is zero. _ Thereafter, the level in the tank will fluctuate with succes- 
ve sively smaller oscillations, until a steady level is attained. The change in — 
surge tank levels (hz) during a period of time (t) will depend on the area of ms 


the tank (A), and the average rate at which the tank is filled. It is expressed 3 


_ The change in discharge in the conduit duit is of 


4 


* head, which retards the flow in the conduit. According to the laws of aestion i@ 
head required to retard this flow during a time 
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GE TANK ANALYSIS. 


_ The total acceleration head eee to reduce the conduit discharge during . 


“head losses. in conduit discharge pony also result ina decrease in hydraulic Mi 4 


ae 


= 


a Table 1 shows the solution of a simple ‘surge tank problem. by the ental 
arithmetic-step method of integration, in which ‘successive trials are made ~ a 
4 for each period until all factors are in balance. itis } assumed that the tank p's 
have a cross-sectional area’ (A) « of 100 square feet, and controls a conduit 
_ with length (L) of 10,000 feet, and cross-sectional area (a) of 10 square feet. a? 
An initial discharge of 100 cubic feet per second is assumed. ‘The total hy- 
3 draulic head losses are assumed to be 36 feet. The procedure and si sequence = 


of analyses are shown in the footnotes of the table. 4 


-crements of change in . discharge a are assumed. This method ‘obviates comput- ot 

ing a partial period at the end of the quarter-cycle. Also, if hydraulic head 
losses are considered, it fixes the amount of these losses for each period, B ct me 

_ thus precluding the necessity of computing these losses with each ‘successive sy. 

Bsns"? _ Further, in considering complete closure of turbine gates, it has - 
found convenient to divide the flow into ten equal ii increments. Since the 

draulic head losses will vary as the square of the e discharge, ‘the losses at 

— the end of the first to tenth periods will be .81, .64, .49, .36, .25, .16, .09, .04, 4 
- 01 and .00 of the total. In like manner, the change in hydraulic losses during — 

the ten periods will be . 19, .03 and .01, of the 

_ Now consider the analysis in Table 1 from another aspect. It will be noted oe Be 
m4 eat the figures. shown in column 4 of this Table are the average conduit dis- 


: charges, and that they are also the average discharges into the tank. There- <a 
bid 


fore, for each period, “t” in Eq. (1) is the only unknown. Therefore Eq. (1) = 


; can be represented by a straight line, one for each period a: as ore in <i . 
_ In like manner ‘Eq. (4) when re- — into the form 


i 
We 
— 
Under maximum “load off” conditions the head neces 
flow in the conduit, plus the decrease in hydraulic he (ag 
wig _ the change in levels in the surge tank during each period oi the first quarter- : 
ups — 
tive 
bs. 
10° & 
ed 
a 
(2) 
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all Periods" in Fig. 1. Since t is in the numerator of Eq. na) and, in the de> 
al g- 


©, By combining Eqs. (1) and (7) and substituting the equivalent of f hap of m7 £ 


; = ei The portion of Eq. (10) to the right of the equals sign represents the diff Je 

ence in head between the two. linear functions on the left hand side of Eq. (10). 

i _ This difference in head is shown in Fig. 1 as a dashed line connecting the dhe 
linear functions at the value of t for each period, as determined in Table ‘. “a 


ay It will be noted in Table 1 that this difference in head is known progressive- | 


ly for each period before any trials are made. _ Although not immediately ap- 


a a the tis determined which results in a difference between hz and ha; + > 
equal to the value in column (14) of this table. The triangles thus formed 
surge Functions Table 


¥ intersect at values of t and h other than those computed in Table 1. } iy = 
_ purposes ‘of this paper these intersections are designated as fia hy. Thott bee 
e respective values are ‘determined by ene mye. (1) and (9) equal to —_— 


other and resolving 


tot 
OLY 


F : nominator of Eq. (9), these lines will be at right angles to each other ‘when a | 
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‘By substituting tei in Eq. (1) determine | hy s follows: 


‘Now refer to Fig. 2. The triangles for the on 


| Fig. 1 are also shown in the upper right portion of Fig. 2. Only the first three ’ 
periods are shown to avoid the confusion of too many lines. It will be noted 
_ that the positions of the t, and hy, are also shown. Now shift the aires” 


_ the left - parallel to the h-axis so “that their apexes will be at hy, equals one | 
oie In order to see what happens | to the various values 3 represented by these he 
ae > triangles when shifted in this manner refer to Fig. 3. Shown are several pairs 
a linear functions which represent the left hand portion of Eq. (11) and have 
the same hy. - Ity will be noted that for t tx equals | 10 seconds and the ratio of 7 


0.40, the head 4 represented hand side of Eq. (11) is 3 
+210, 2. -10 and 21. 0 for hy ’s of 0.1, 1, and 10 feet, respectively. Therefore, it 


is apparent that all of hz, hay + hag and (hay + hag) - for hy equals 
A -00 are directly proportional to those of the computed hy. In other words, 


4 _ Referring back to Fig. 3 and the two triangles with values of hy equals 10.0 
feet, and 0.40. The between hz and hay + + hag is 21.0 


< for t t equals . 4 and 4 seconds. In like manner, for any ny other identical hy’ 's ; and 


tx, hx, and the values of + and + -hz in Eq. . (11) can be de- 


_ termined for any assumed “oe Then, knowing any other te, hy and the head | 
representing the right hand side of this the om be 


a values obtained from this table, capital letters are us used. “The first, q 


~ solumn of the table represents values of T and Se: and since Tx and Hy equal i 

column can also represent —, cand — These ratios as 


will be explained later, are used in the solution shown in Table 2. The 1e second 
column represents values of Ha; + Hag for corr 2sponding values of T in Eq. 
(9). The third column represents the right hand portion of Eq. (11) and is the 
diff ni e econ umns. 1. (1), hz varies direct- 
ly with t during any period. In like manner hg, + hag in Eq. (9) varies ae a 
versely ast. Therefore, since the Surge Functions Table is based on a T; eee | 
and Hx of unity, =. ‘equals H., and Ha + Hag is the recriprocal of T. It will _ ‘ 
be noted in the table, that for values of T greater than one, the values in the | 
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result 

v for all periods. and by substituting these 

can be determined immediately p j 
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oF ‘SURGE BY ARTHMETICAL METHOD 
(USING SURGE FUNCTIONS TABLE) 
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- coefficient “C” shown in the last column heading in Table 4 is based on n the i: 


_ pendent variable and obtain the other quantities by direct interpolation. - How- 


Simple 8 Surge Tank ‘Analysis 
= nities with solution of the problem analyzed in Table 1 by. sili 
- the Surge Functions table. These computations are shown in Table 2, and the eS 
_ ‘procedure | of analysis is presented in the footnotes of the table. ‘Basically, 
_ the solution first resolves itself into determining the values of a and hy for a 
all periods. Then Hf; ~ Hfp is obtained for each period by dividing the values _ 
hg, 1 hfy by their respective hy’s. Also, in Table 1, hay for each period 
pos. ha of the previous period. as hy does not have the same ia: 
_ Value for each period, Ha, for each period as shown in Table 2 is not equal to 
._~ of the previous period. But ‘Hay is is computed from the ratio of hy’s for we 
the period under consideration .~ the previous period, and Hao of the previ-— 


ous period. Then 2Ha, - (Hf, - fo) is computed and by entering the Surge a 


Table with | this v: value lue , and Hay Hao are obtained. This can 
“be done progressively for each | period of the quarter- cycle without determin-_ AP 
ing actual values of t and hy i a stage hydrograph for the surge tank | is re- Bo 
quired, values of t and h, can be computed for each | period, and the accumulat- 

_ ed time and stage can be determined as in columns 1 and6 of Table 2. If __ 


_ only the total time of the first quarter-cycle, and the 1 maximum stage are re- _ 


the same table, thus eliminating the necessity of columns 1, 2, 5 and 6. 
‘Factors in the analysis at the first three panes are shown n graphically i in 


ay 

a ‘The constants shown in Table 4 can be used to facilitate the computations — 
and eliminate the necessity for columns 3, 4, 7, 8, 9 and 10 of Table 2. - The 4 


Os Ges 2gh, 


aa will be 1 noted in Table 3 that the argument for entering this | table -*, Te 
ai - (He, and that determination of the other values is by inverse 


€ ‘tabeieolaion. It would be more advantageous to make the above item the a 


ever, preparation of the table in this manner would require a great deal more ai 
.. the tabular computations the use of five to nine significant figures for seal 2 ae 
values based on a three place value of g is actually unwarranted and mislead- 
ing. However, this was done to provide a better —— balance between 
all of the related items. 
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_ Closure by Franklin ny¢ or 


ge FRANKLIN F. SNYDER F. ASCE. express his 
: appreciation foi the instructive discussions furnished by Messrs. Chow, — 
ee All three writers commented on and were more or less Nibdiattoas of the — 
use of an average rainfall-runoff relationship as a basis for obtaining the ys 
bs direct runoff volume of a particular frequency from the rainfall amount of the ~ 
cs same frequency. — There is little additional to say beyond what was in the a 
paper. It was accepted that rains of the same duration and frequency = ~— 
— associated runoff producing conditions | that vary from time | to time de- ; 
_ pending on antecedent conditions. It was then reasoned that an average - aa aN. 
rainfall-runoff relationship for that group of rainfalls would produce an ac - 
¢ ceptable runoff volume for the particular frequency. ‘The results of applica- 
q 


tion to date do not contradict this reasoning. Questions as to the derivation a 
of an appropriate rainfall-runoff relationship are discussed subsequently. a 
Professor Chow’s conclusion as to the variability of the physiographic or 
antecedent factor seems reasonable. However, the author is unable to agree 
= that rainfall and runoff conditions are sufficiently independent to permit the _ a 
computation of the frequency of runoff volumes as a the 
In his discussion Mr. Paulhus expressed concern with the ‘adequacy of a &§ 
"rainfall frequency data used by the author. Before discussing in detail some 
of the points raised it is desired to make c clear that the procedures « of os — 
Bee are such as to permit the use of the best rainfall-duration- frequency _ 
data available to the user a and such practice is highly recommended. The 
rainfall intensity - duration- frequency data presented in U. S. Weather| Serene 
- Technical Paper No. 25 3) for Washington, D. C. were accepted by the author © AS: if 
& for use in that vicinity and the data in that report for 203 other long t term = | 
Weather Bureau stations was proposed for general use. S. Weather Bureau 
& reports (11) which furnish the means of interpolating between the long time a — 
are becoming available for various sections of the use 


data without adjustment for several first order 
_ | Bureau stations show considerable variation. If using Technical Paper No. | 
‘es 25, the author would develop synthetic flood frequency data for this cin 


the Alle 


a ‘Hydr. Engr., , Office of the Ch. of Engrs., —- D. 


4 
i 
| Mountaine with a me elevation amean annual rainfall 


subject to interior storms from the southwest and to coastal storms 
south and east. Washington, D. C. with the same annual rainfall lies at sea i. 
_ level about 110 miles southeast of the basin. Elkins with a mean annual 


= Gradina of 2 ,000 feet on the western slope of the Alleghenies. An inspectio 
ra of the rainfall intensity - duration-fr equency ‘data of TP No. 25 shows that ther 
ep is significant difference in the two rainfall regimes. An average of the two 
_ should provide better results than using either by | itself has been 


‘done with the results shown in Table 2c. 


Dr. A. = 247 sq. mi.; L = 95 mi 


Average Month ly Rainfall = 
Computed Mean Runoff = 4l - 0, é 


ent te Elk ns rainf ta = 0. 
- Adjustment, to Rainfall for drainage area = 0, 
Adjustment to “Washington ranoft curve 213 Tow. Thoy Lax 
Elkins Precip /1,x 0. 1.99 2.52 30 48 4,00 
Washes D.C. Precip, 3405. 3479 5410 5470 6,200 
0.97 x 0.5 (Elkins + Wash. ) in ches 3, 48 16 4 
‘43.5 48.0 51.5 54.0 
Runoff, inches 1, 51 2,0 2.42 2, 
inches per hr. 04087 122 6151 
(Obs, Fartisl Duration 8.5 13.8 17.5 27. 0 315 
Obs, Adj. for Length of Record 9 20, 3 26.8 31 6 36. 2 
Schwarz, 26 Yr. Record /4 6 1.0 2045 29 
Schware, ‘Adj. to 59 Yrs. 6,0 10. o 13. 5 175 22.0 
Geologics1 Survey records ter Gum 
By Mr. Paulbus lava 


Annual series Reference No, ry 
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hon record as computed by the author using t the Gumbel approach, as 
computed by Mr. Paulhus, and two sets of annual series values based on 
studies by Mr. H. E. Schwarz.(12) The first set of values by Mr. Schwarz ; 
were obtained from the observed record using a logarithmic - normal function 
and the second set are the observed values adjusted on a basis” ofa regional A 
study of 64 stations inthe Potomac Basin 
Mr. Paulhus’ value for the 100-year return period based on the observed 
records was 36,200 cfs. Consideration of these results indicates that with a Z 
moderate use of judgment in selection of the rainfall intensity - duration- 
_ data, the synthetic flood frequency procedure gives acceptable re- 
sults. The computed 100-year value is not quite as large as the writer ap- — 
parently thinks interpretation of the observed record justifies but is larger XE 
than that obtained by Mr. Schwarz. _ it is of interest to note that the ors 


if rainfall data used in Table 2C depart from the values obtainable from Tech- al 


Paper No. 29(11) by an average of less than3 percent. = 
The monthly distribution of annual floods and annual rainfalls was dis- 

‘cussed at some length by Mr. Paulhus. There is no disagreement with his | 

= 4 contention that the monthly distributions of the two items are different and g 

3 that the differences would be less for smaller drainage | basins, although his” 

¥4 3 demonstration of this for the smaller basin was based on a ‘synthesized ~ ae 

oer | annual flood record using a procedure which in an example of the reference bth 

cited(13) produced only one synthetic flood out of the four highest that was 
for the same year as any of the four highest observed events. In concluding 
a | that the author’s procedure should tend to yield flood- frequency values (this aa _ 
— assumed to refer t to values of discharge for a given frequency) that are too _ 
% 7 _ high, particularly for larger basins, it is believed that Mr. Paulhus has — ie 
toe evaluate fully the use of the average rainfall-runoff relationship. 


a) order to clarify the point further , synthetic flood frequencies | nave been 
iy _ computed for the Potomac River above Point of Rocks, Md., with a a drainage — 
bt area of 9,650 square miles and for which a record of 69 years can be de- ‘e 

veloped. The rainfall data for Washington, D. C. for the longer durations 5 
+ , in this: test were 2 obtained by extrapolation o of 24- -hour values | through © jal 


values for 120 hours prepared from data for the period 1920-1958. The re- res 


. 


of these data for a given frequency was as 


rainfall. ‘The annual peak discharges for the e years 1890-94 were 
d BY mated by gage relation using stage data for the U. S. Weather Bureau gage ph 
Harpers ‘Ferry, W. Va. results are shown in Table 2D. The synthetic 
flood frequencies assume a central position and compare quite with 
q various assumed distributions for the observed 
the 
River, Goose Creek : and Little Falls “tt appears that 
_ Mr. Paulhus has helped to affirm rather than disprove the ‘author’ sexpressed 
_ belief as to the adequacy of the procedure proposed in 1 comparison to other ae 
° possible approaches. In each example the synthetic flood frequencies com- ie 
- pared quite favorably with the observed record and in the two cases where a 
’ = Bry ore based on the procedures of Proc. Paper 1451(13) y were > presented, a 
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4 
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ae 
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Mr. P as sete the derivation of the Gumbel values 
a _ by the author for the several gaging stations is readily answered. The pera - 4 
Gumbel procedure was used to analyze observed records for comparative dat 
"ge _ purposes, that is, a straight line was drawn through the average annual peak fie bel 
i. 33 year recurrence interval) and the computed 2,000 year event as proposed (be 


by Powell.(14) tt is understood that Mr. Paulhus adjusts the values obtained ft = 
x by the basic Gumbel analysis for length of record. The procedure used for a = 

making that adjustment always results in an increase of the discharge . 

for given recurrence intervals. The author does not subscribe to use of such > . an 

an adjustment, particularly for use with short records in most sections of the rie ‘ 

United States. For example many of the discharge records in the a 


; i Point of Rocks, the basic Gumbel analysis without sittentment for length o of a 
ec record gives a value of 480,000 cfs for a recurrence interval of 100 years. i“ i . 
_ It is the author’s belief that increasing this value still further for lengthof Be ho 
record would not improve the determination as an estimate of future possi- __ ye 
Se. Mr Paulhus considered that the author’s rainfall-runoff relationship is a 
perhaps the weakest link in the procedure and that a duration or time of ee “4 
concentration parameter ‘must be included. It is regretted that the author’ o 3 
TABLE 2D. COMPUTATION OF SYNTHETIC FLOOD 
POTOMAC RIVER AT POINT OF ROCKS, MD. in 
Mean = 50° Mean Rainfall = 38"; Av. Monthly = 3.17" = 
Computed Mean Runoff = 38 - 0.6 (50-11) = 14, Obs. Runoff = 13,9" 
No adjustment to rainfall or runoff, Use data for Vicini ty o f Wash., Ds 
Adjustment to rainfall for ‘drainage al area O05 


Point Rainfall, inches 02 5,05 76 
, inches 


c 
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ne 
UN 


of his derivation of this for the vicinity 
a _ D. C. was not clear enough to have made unnecessary the study of monthly _ a 
so 4 data presented by Mr. Paulhus. The relationship desired is, of course, that fe 
ai q between rainfall and direct runoff and only the lower portion of the curve — oe 
ed & (below 3.5 inches of rainfall) was controlled by the location of the average i 
he 4 i monthly rainfall and runoff values (not individual monthly values). A 
= . of the scatter of the points, the average of the twelve monthly averages il 

- | used as the control point, that is, one-twelfth of the average annual rainfall a 

=e | and runoff. An average annual runoff of 14 inches was used as typical of the 

ys _ Washington, D. C. area and it is not surprising that the montly data for Little 


| ‘Pallet Branch, with an average annual runoff of 11.2", plot to one side of the & 
author’s curve on Mr. Paulhus’ Fig. A. 
a Mr. Kohler and Mr. Paulhus feel that a single rainfall-runoff curve is sin- 
_ adequate for use with both small and large basins. If Mr. Paulhus will meg 
4 2 a reduction in his « example of 5 inches of rainfall in one hour or 24 hoursto © 
one within the range experienced at Washington, D. C., say 3.4 inches in one 
; hour or 24 hours, the author’s Fig. 2, Appendix I, shows that this is a 100- ~ : 
- year storm on the small area (one hour time of concentration) and about - ° al 
_ 2-year storm on the large area (24 hour time of concentration). Thus there an 
is no direct assumption that the antecedent conditions are identical. 7 However, 
the author is on record(15) that moderate variations in duration have little pee a 


effect on the amount of runoff from a given amount of rainfall under given 

_ ia Pursuing the 1e example further, the runoff factor is 38 percent for 3.4 _ “= 

inches of rainfall on the small area. For a comparable 100-year storm ‘on : 


‘the larger area, T, = = 24, the rainfall would be 7.45 inches and the runoff udliggd i. 

q a“ factor would be 62 percent. tis ‘not known whether such an an increase : in run- 

3 off factor would satisfy Messrs. Kohler and Paulhus. However, it must elim- _ 
inate ‘Mr. Kohler’ s objection to the reduction factor for size of drainage basin a ‘ 


3 as used by the author to the extent that his objection is based on the hypothe- pe 
_ sis that the rainfall-runoff relation is the same for small and large drainage ~ es 

_ In summarizing his comments and judging the reliability of the synthetic a a 

flood frequency procedure as compared to the procedures presented 

i - Paulhus and Miller,(13) Mr. Paulhus is concerned among other things, with __ 

bo the subjectivity involved in selection of values of n, estimation of the per- ——— 
ve _ centage of the area that is impervious or drained by sewers, and the percen- 2 
4 tage of natural channels eliminated. It should be emphasized that these fac- _ io 

are used to incorporate synthetic unit hydrograph characteristics for 
areas with no stream flow records into the procedure whereas the approach 

_ a8 presented by Paulhus and Miller is applied only to drainage basins with ae 


streamflow records adequate for determination of unit hydrographs and veri- 
: fication of rainfall-runoff relationships. When stream flow or gage height _ a 


D a for a study of the type preferred by the writer with the three man-hours ia a % 
_ volved in determining a synthetic flood frequency by the author’s method. __ 
eee ee The author suggested in the last paragraph of the paper that a rainfall- oe 


rar 


el relationship fc for use ina specific area could be developed from known > 
flood frequency data for typical streams in the region by reversing the order 


ae 


records are available, observed values of Tc can be used in place of com- pos g 
puted values, if desired. Although n no concession as to comparative reliabili- rs | 
ty is involved, it is pertinent to compare the two man-months(16) required a — 


od 
2 
i 
ty 
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Virginia, and owever, he used a considerably 
 &§ ee greater adjustment to point rainfall for size of drainage basin than used by 
the author and ended up with a relationship that shows the variation in rain- aa 
a, - fall intensity - runoff intensity relationship with the value of T, oF length of ot _ 
ce _ A quite similar family of curves can be obtained directly from Figs. 2 and 
_ 3, Appendix I, of the paper 1808 with or without an adjustment for size of — 
area. If such an adjustment is incorporated a relationship between Te and 
area must be assumed. The basic transformation is accomplished by. tabula- 
_ ting and plotting values of rainfall and runoff intensity for ‘several recurrence _ 
7 _ intervals connnnpending, to selected values of T,. The parametric curves for 


The values of used by Mr. Kohler are than those | 
_ determined by the author for several of the basins. Because of the differ- _ 
ences in values of T,, the difference in amount of adjustment for size of a: 
drainage basin, and the use of synthesized frequency data. by Mr. Kohler, isi ° 
_ is difficult to assess the significance of the differences between the two sets — m4 
of curves. . Accordingly, T Table 3 was prepared showing frequency data for ka 
several of the drainage basins used by Mr. Kohler, as computed by MRR og: 
author’s procedure, as read from Mr. Kohler’s chart, and as computed from — 
_ observed records by several procedures. itis concluded from inspection of 
the table that the author’ 's single rainfall-runoff curve gives quite 


The questions raised by Messrs. Chow, Paulhus and y 
_ quite helpful in clarifying some of the procedures a and objectives of the orig- 
inal paper. _ The discussions were primarily concerned with application CRiiat 
— drainage basins where interest often centers on the more rare events 
ae ‘such as the 50 and 100- -year floods. ih computing | the frequency of rare floods — : 
_ the possible > variation « of the unit hydrograph peak with size of flood probably q 
: could cause more difficulty than any other one factor due to the lack of data. _ e 
As it is, present practices and conditions ‘seldom permit the direct 
a ment of peak discharges for the larger floods, particularly for the medium an 4 4 
ee and smaller sized drainage basins. For the 16 drainage basins mentioned in Lo 
the paper or discussions the maximum discharges of record were measured | 
directly in one case and in the other 15 they vary from 160 to 930 percent of : 
the maximum directly measured discharge with an average of 420 percent. eas 
For this reason and because of his conviction that weather and resulting ak 
floods are not random | events, the author considers that application of refined 5 
statistical theories to frequency analyses of such data is primarily of benefit — 


asa mental ‘so far as the future of large 


‘The author’s in the synthetic flood pro- 


particularly | those with | some discharge records, as for use on small meet d 
areas such as are involved in the growing urban development of the country. a 


ot © 
udg1 
ru 
4 
4 
thy 
a 
a -___better determinations than those obtained from the relationships developed _ be] a 
Ot: 
Sy! 
f 
Ot 
Sy 
‘ 
tated simply, he came tired OF hea the Sab Qualification applied to 
rational method as that given by his sanitary engineering professor about 
30 years ago; namely, that, while the rational method was an improvement = a 
over most of the existing empirical formulas, the factor CinQp=CiAwas $$ | 


near Leesburg, Va ani 208 Sou Midas (2000 


judgment since it included effects of storage as well as acting as a coefficient — . 


of 


4 words, “Approximation is permissible” with ditto marks. 


i Obs. 21 Yr. Rec,, ASCE Paper 1451 /2 af 
Synthesized Annual Floods, Paper 


Appendix I- Procedure. For column number 15, step 6, replace the 


Rainfall Intensity Frequency Regime. Part - ‘The Ohio 1957; 
Part 2 2 - P Southeastern United States, 1958; Part 3 - The Middle Atlantic 


; TAI 


7, 


35 Yr, Re 25.0 3067 39 1 45.2 51.2 
‘Synthetic after Snyder 17, 23.2. 376 
Synthetic with Kohler veriation 18.6 
at. Groves Pani 743 Wiles (100 cfs) 
Paper 1451 2 25.3 48.5 63.8 83.2 97.5 112 
22. 36. 1 45.0 56, 1 6, 


Synthetic after Snyder /2 3 60.8 7168 


Synthetic with Kohler variation a “4 502 


26 Yr. Record, Gumbel 12.5 21,0 2243 36. re 


a 


25 Yr. Record, Gumbel 26.6 32.6 36.7 43.0 47.6 52. > 


Obs. 51 Yr. Record, Gumbel 3500 65.¢ 
51 Yr, Record, log Normal 35.0 


Synthetic after Snyder /) 
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“Determi nation of Flood a Major Drainage Basin”, 
E. Schwarz, Toronto General Assembly, 1UGG, Belgium, 
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oe Derived from Data” , by J. L. 
451, Jour. Hydr. Div., , ASCE, Vol. 


c “Flood Frequencies Derived from Rainfall Data”. losure by 
ae L. H. Paulhus and J. F. ‘Miller, Jour. Hydr. , ASCE, Vol. 
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LEE HARRIS, ! l_The writer agrees with most of the comments of Mr. 
pened particularly those about the complexity of the problems involved a 
dealing with hurricane motions. A fe few of these problems v were discussed — i 
It would appear, at first consideration, ‘that more estimates of 
fa the size e of the storm could be determined from data taken at a greater dis = 
, an examination of the data 
_ shows that this is not generally true. As mentioned inthe paper, thereis 
_ very little data over the ocean areas near most hurricanes and the storms 
_ change too rapidly after crossing the coastline to make land data very far 
from the center satisfactory for an objective determination of the size of “a a 
_ storm while still at sea. It is hoped that the improved radar data now being — 
ie collected will permit an improvement in this, but there is not yet enough of = 2 
a The tidal response of Willets Point is similar to that of the Battery for — a 
those storms which pass to the west of New York City or to the east of <a 
a Nantucket Island. The delayed peak of the type shown in my paper occurs 
¥ only with the storms which enter land between these points. ~ believe that — 


] | in these cases the peak surge at Willets Point is the result of a wave which ae A 


travels westward through the Sound. ‘ The time history of the peak surge in ate 
the § Sound und supports | this view. and 


Coast Hurricanes”, Meteorological Vol. 2, No. 10, June 
itis. 


cember, 1958, by D. Lee Harris. 
Office of Meteorological Surge Research Un Unit, U. 8. 
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ULIC A ANALYSIS SURGE TANKS BY DIGITAL COMPUTER? 


ste 
‘Ignacy Swiecicki, A. E. Evangelisti and B. ‘Poggi 
DANEL,1 ASCE and G. RANSFORD, 2_Three ‘may be mooted 
connection ‘with this particularly authoritative a article. 
ww A first comment concerns tee losses. It is worth while Bye the addi- Hi 
_ tional test results obtained by A. Gardel(1) and J. McNown(2) on record. ‘The 
_ Munich experiments described by Vogel have been reviewed in both tt these _ 
- publications, which appeared independently of each other; the c conclusion is hq 


; that some revision of the early findings seems necessary. cages Mr. aah 


Barbarosse” program can of course take c care 


: ae steady flow conditions, simulate unsteady flow effects occurring in real } 
a surge tanks. The generation of large breakaway vortices, and their damping . é 


2 (a probable source of head-loss “hysteresis” in real surge structures) _ 
can be accounted for only on a dynamical scale model in which surges are. a 
actually produced. The appropriate equivalent | head-loss coefficients should 
then be deduced from tests run at the same frequency as the anticipated eg a 
experiments in this connection seem to be re- 
7 
than usual. 
: one-way flow models only, already prove sufficient to reverse usual reason- : 
re stability in such cases. s.(3) This points to the likely fruitfulness of 
a continuing some basic experimental research in conjunction with computer 


be assimiliated to a linear differential equation in a single dependent 
- variable (the order depending on the number of risers, etc. ) in respect ¢ i ages q 
z small oscillations about ‘equilibrium. In the present case, this equation is ieee i 
a of the fourth order. There would probably be some point in testing the error 
* control method used by conducting at least one blank computer run on —  - 
4 artificially - constructed fourth order equation of which the solution is known. — 
_ In the case . of more complicated systems leading to still higher orders,a 
"preliminary check on accuracy of this | natu? ve seems essential. Such a check 
a should not prove too costly in machine time or programming. gaan vd Le 
‘The third — concerns possible future comprehensive studies including ete 
governor action. Such investigations may prove to be particularly useful in 4 
cases such as the short-period downstream already 


Paper 1996, April, 1959, by Nicholas ‘Barbaross 
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arate analysis of certain factors, as, for instance, the choice of optimum — 
parameters in the case of the governors. Recent ‘papers(4, 5) furnish some 
- indication as to what may be done in this respect; in particular, as explained | ’ 
in, (5) elastic water hammer can be satisfactorily approximated to in its effect 
on turbine governing alone by a high-order linear differential equation. Ap- a 
‘proximations such as the one just mentioned may be handled on the IBM 650 
u computer, though, in connection with linear governing problems at present ras 
under study by the present writers, some doubt subsists as to whether use of 


to explicit the solution of the differential equation itself, as done in paper, 
may not compete successfully with the step- by- step method outlined here. 
Te step- -by- step method is of course the only one available for use when ae 
non-linear effects (here, large surges) are present, and this is ee 


Tule i in ‘Surge-tank problems. The of determining computational 


cause no independent check such as the Graeffe- cum-partial-fraction ap- __ R 
_ proach, or in some cases the > simpler Krasowsky theorem, as used in, (5) ig 


 Méthodes de calcul rapide’, Rouge & Cie, “Laveanne, 1956. 


“Mechanics of Manifold Flow” yw”, Paper 1 re 2714, ‘Trans. 


-Ransford, G. D. “The stability of a downstream surge tank—Extension of 


= 4 Mr. Andre Gardel’s results for an upstream surge tank to one on the | bir) 
downstream side of a power station” La Houille Blanche, n° 2, 1957, 
_ Ransford, G. D. and Arnaud P; “Optimization of the parameters ma) 2 


hydraulic turbine governor taking account of the inherent 


s ‘speed Francis turbines”. La Houille Blanche, n° 3, 1958, pp. 205-219. 
Ransford, G. D. and Rottner J. “The optimization of hydraulic governor 
performance taking account of the grid inherent ‘stability f factor and 


elastic water hammer effects— —Case Of Pelton turbines” La Houille 


Blanche, n° 1, 1959, 23-37. 


Eeeeit OLDENBURGER, 1_The head losses are taken in this paper to 


to the signed square, that is “absquare”, , of the discharg 
2 _An indirect proof of the validity of this assumption for dynamic hydraulic | 


conditions in a hydroelectric installation | was obtained | by others and the writer 
= the medium of Srowncy response runs at the Apalachia dam of the ie 


Visiting Prof. of Eng. ‘Univ. of Calif. ‘a Los Ange cles Prof. of Mechanical 
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of one 1e sinusoidally over a range per hour 
2 cycles per second under all kinds of operating conditions, and secosaing 
response. The writer (with H. Paynter) derived the partial differen- 
tial equations of the hydraulic system. _ The differential of the absquare |Q|Q 
discharge Q is 2|\QIdQ. For small values of we can set |Q| = 0 in this a 
differential. kis convenient in Studies o of ‘dynamics to write the differential 
~ equations in terms of the changes in the variables from a a steady state such 
_ as changes in head from equilibrium, rather than the variable themselves. _ 
_ The equations of a hydraulic system then involve the differentials of — 
losses, rather than the losses themselves. Taking these head losses | propor- ag 
= to the absquare of the discharge Q, and assuming that the flows are 
small, the differentials of the head losses are equal | to zero for practical — 
= and these losses can be dropped from the differential equations. 
The predictions of frequency response based on this approach agreed very 
2 well with the actual experimental runs, indicating that the head losses were 


= 


oO 


ad of the form + cQn for constants c and n, where the exponent n is near 2, | 


rather than near 2, and that the of = 0 in a the 


‘the validity of the lumped constant approach used in the paper. This ‘consid-_ 
a erably simplifies digital computer as well as manual computation of hydraulic 


_ surge, and other dynamic phenomena. 


IGNACY SWIECICKI—The : author merits the appreciation of the hydro 


= 


‘ power - -demand changes. The digital computer results presented by the author a 
fated | to indicate how stability of a turbine governor can be achieved after a a 


- small power- -demand increase. The author says that it 1 may be entirely | pos- E 
sible to develop a computer program which will yield a solution by utilizing ee: 

7 _ methods other than those described in his paper. The writer’s suggestion = 

is that the most necessary change in the method is the introduction of speed 
droop. Without it, in the pend of any amount of water hammer, the 


ae 4 = governor is known to be u 

the scope of this discussion, ‘we would have to make several 

assumptions. With all the simplifications used we would try to approachthe 

conditions of computer test No. 2 for Oahe turbine stability studies. During ; 

this test the surge tank water level elevation changed about 0.1 foot in 1.5 
seconds, and the change of losses in the penstock was less than that. There- 
ic a fore, for studying turbine transients in the first second or so after change of a 


& “ load from 75,000 Bhp to 78,000 Bhp we can consider a a simplified | pipe ine 

consisting of: _ 24 foot diameter penstock 66 + 20 = 86 feet long (20 feet being — 

_ added for distance from downstream surge tank to mid-point between two © ees 

_ tanks) two 16 foot diameter 80 foot long. risers and two 70 foot diameter ie 

tanks with water surface 32.85 feet above the risers. For pipe 
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if the variation of penstock losses is head 


he difference between initial head Ho and turbine net head HD 


= Tle” A re 


am For simplicity, le 
_ teristic time of promptness of response, so that the gate-time curve ‘is a ae 
straight line without cushioning at the beginning and at the end ofthe curve. 

For small gate ‘movements the unit q is proportional to 


where time in seconds tis a positive valet the sed 
gates start to move and 7 isa 
He ‘From table 9, test No. 2, we have tp = 0; Qo = 5500; Ho = 198. 080 and — 
= 1.5; Q = 6801; H= 115.471. Therefore, we take Te a Sy 


for the opening of the turbine ne gates and T= = .4.8 for closing aa | Ma 


entirely for small load changes. ? From | equation (a- we have 

digi) _ Ge digli)._ ge div 


usually called starting 
sa us introduce a dimensionless number K which is the ratio c of  aparentic = 
‘starting time T,, to “governor time” T, K = ‘Te 


transforms as follows: 


eo: As a further simplification we will ignore the governor dash sewrtagth This r | tion 
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Table | gives First, for s rela- 
tive heads H/Hp relative unit discharge 4/49 is calculated by means of equa- 
tion (a-7). Then, relative discharge Q/Qo, times t in seconds and relative _ 
generated power Bhp is — assuming constant ee of turbine. Next, @ 

time Tm = = 4, seconds the 


is continued to find relative speed change N For 


TABLE A-I UNIFORM GATE MOTION, CONSTANT LOAD DEMAND , CONSTANT EFFICIENCY 
1. 10 1. 
0. 0.902 0.939 0. ‘ 1.000| 1.011 
0.630 | -468 293 
1.054 
40.029 +0.048 40.051 40.042 40.027 -00 


0.175 0.104 052 | 0.055 0. 073 °. 101 0.189 
40.2 ace +0. 061 lo. 041 
40.469 |40.261 |40.134 +0. 
initial Net Head Ho = 130.08 ft. Turbine Qo = 
Power Bhpo = 75000; Unit Discharge = Q,/V¥ 


Hydraulic Starting Time Ty = 90 528 Sec; “Governor Time" T = = ! 


= 4Sec.; K 
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‘interval t relative ‘speed increment i 

x AVERAGE 


were calculated for infinitesimally small load change just sufficient to pro- * 
; _ mote initial deflection of the governor. I is clearly seen that any very me : 
hs _ movement o of gates in opening direction results in an instantaneous drop re 3 
generated power; and vice versa, closing of the ¢ gates instantaneously in- 
The same data are plotted c on Fig. (A- 1), curve K=0.11 and on Fig. (A-2) ‘a 
indicating instability of the governor without speed droop. Bink) 
us now consider a with defined d by ‘equation — 


where ABhp is instantaneous load demand increment Values in table (a-I 
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From (a- 8) and (a- we | have 
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is permissabl le to take K at each interval and a 
a constant value in equation (a-11) throughout small intervals. rates of 
; Henry M. Paynter * arrived at the conclusion that the best speed droop val 
is =2 Tw . In our case it is = 0.528 = 0.264. Using this value a 
“speed droop and considering instantaneous load demand change from 
Bhpo = 75, 000 to 78,000, ABhp = - 0. 04, the values of pertinent transients ~“ 
shown in table (A-TII) and on Fig. (A- 3), curve $ = 0. 264. The calculation 
_ was carried on, approximately to the moment when opening of turin 
gates end. In the next intervals praeried power exceeds power demand, 


; 
We see that in case of a small load the 
operates much slower than the governor without speed droop. t adjusts the 
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0.352, 


“0.203 -0.414 0.361 0.152 -0.095 0.016 


[90.203 | -0.62 “1.127 =1.222_ -1.238 


| | Imitial Conditions: Net Head Hp = 130.08 ft. Turbine Discharge Qo = 5500 CFS; RPM «= 
Power Bhpo = 75000; Unit Discharge qo = Q)/ ‘Time to 
i Hydraulic Starting Time — Tw = 0.528 Sec. Mechanical Starting Time Tm = 4 Sec. ue 
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: R A. SUTH 
on presenting his very inte resting pe paper on procedure used with the IBM 650 
for the solution of certain surge tank problems. | tt is noted with interest tha 


a he proposes to prepare complete details including flow charts and machine — = 


: ‘to the profession. ae Anyone who has gone through the laborious “manual” com- — 
_ putations involved in surge tank problems with multiple tanks will appreciate 
om the tremendous ‘potential saving in time and effort which will be pavailable = | 

when it is possible to obtain a quick answer for the effect of changes in such 

__ variables as tank or orifice sizes, , for example. The writer agrees that the — 
saving in time, and the ability to study a wider range of variables than can ee 
ordinarily be done, will result in important savings in design cost and time 

as, The Author mentions the possibility of solutions of the “total transient $e 

q ff problem” _by the use of larger and faster machines. The input data will no | 

Ba doubt include estimated turbine performance between certain load conditions, 


4 . and unless the turbine has been already in service and tested, such informa- 
ie: tion must be obtained from “expected performance” carves. Some margin of | 


"Engineers familiar with turbine applications will recall instances where a 
4 _ turbine either exceeded or failed to meet its expected performance. ‘There ae 
. fore the u use of a an expensive e computer ‘such as the 704 or 709 should be re ee 
ommended only if it can be shown that results will not be substantially 
q affected by discrepancies between expected and actual performance of tur y 
_ = and other components. | Computers have been programmed to take Tee 
a A account of certain tolerances of input data, but the amount of work becomes os 
E Mr. Barbarossa’s work points the way to a wider knowledge | os the inter- — 


We 
action of the components in the p eure problem through an inc reased ability — 
eee FRANCIS E. SWAIN, M. ASCE- -Many important factors regarding the 
ee z intelligent use of electronic computers are brought out clearly by the author. 
_ with hydraulics studies, as with all problems for which electronic calculatin 


5 _ equipment may be used, it is is essential ‘that | the problems be completely a and = 2 


be written for the the states, * * the com 
a puter does the job with slavish adherence to instructions, and, as a conse- oa oe 
quence, , the analyst cannot afford to slight or overlook any pertinent detail in a 
the preparation of the m machine p program.” T he computer is equally as content 


_ It is unfortunate that largely through writings in the popular press during the 
early machines tha were given the titles of “magic 
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ig Bee speed computing equipment can result in optimum solutions being 


* em, but must also be completely ‘familiar with the capabilities and ih 

tations of the machines. Complete unification of the “what” of the problem 

and the “how” of the ‘machine is requisite to the efficient an and effective : ap- 
ee plication of electronic computers to any problem. A proper decision to o.. 


required by manual solutions, as noted by the author. _ Controlling ese 
can be varied over a wide range of values when an electronic computeris — 
used, thus making it possible to determine the effects of such variations and 
to obtain what is more likely to be an optimum solution, rather than merely — 
_a satisfactory one. data are thereby available to the the engineer permit- 
_ ting him to make more intelligent decisions than those possible with a Ssom0 ca, 
- smaller volume of manual results. Having the computer do the vast amount § oh, = 


numerical operations frees the engineer from the drudgery of routine 3 
- manual calculations, and permits him to use his time for more . professional Bi ; 


The obvious reasons for using high-speed computers—the reduction 


_ in time and cost for accomplishing a a set of ' calculations — ~also ‘obtain for 
.* _ The author tacitly indicates how the electronic. computer can handle in- Me 
‘formation required for the solution of problems not only in hydraulics, but — ( ; 
_ in the field of hydrology as well; namely, the | evaluation of single-valued © ie 
- functions and the use of values of tabular data. The effects of the variations 
in turbine wicket-gate openings during the initial interval of governor =) 
- determined by evaluating the mathematical relationship representing t the pea 
_ gate- time curve each time a value is required. * The same procedure is em- 4 


< F ployed in computer solutions which require the evaluation of many other _ 


single- -valued functions, such a s trigonometric quantities, logarithms, 


» is not possible, in many instances, to represent data required in the oe 


solution ofa problem by a single-valued mathematical relationship. When 


this condition obtains, it is often possible to use “table look-up” commands “4 ale 
or routines with an electronic computer. Given a value of the argument for a) i % 
_ which the corresponding value ¢ of the function is required, the computer 
searches the memory for the corresponding argument or the next higher 
% value if an exact correspondence does not exist. Interpolation routines can 1 ee "ie 


_ also be used with table look- -up i if desired. ‘More efficient use of of the ‘memory 


. In his conclusions, the author notes. that a better er understanding of ates ae 

phenomena associated with a particular installation is possible by the exam-_ 
_ ination of the results from a number of different machine solutions in which a eS 
or more n major factors have been changed from run to run. This is 

tainly one of the more important benefits to be realized from the use -_ ee Oe 

: electronic computers. . The conclusion also serves to point out, however, ,»that 
while the computer offers. many benefits and advantages, itis ‘not in any ‘sense se 

: a substitute for sound engineering analysis, judgment, or experience. Itisa 
oe which provides a a means age the engineer c can inc rease his informa- a 
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-EVANGELBTI, 1 AND B. POGGI ,2—Starting from a numerical | analysis 
aor ine for the hydro- -electric station of Oahe in South Dakota by pmeans 
; y of an IBM 650 computer, the author develops a general investigation on the Be 
i use and performances | of electronic computers in the problems | of unsteady 
- flow in pressure conduit with surge tanks. % The writers, who have also been at 
3 _ dealing with the same hydraulic problem, using the same computing ee 
for: a rather long time, are in a substantial agreement with the 1e basic | theme ¥ 
developed by the author, i. e. that the use of the automatic « computing tech est: 
_ nique widely deepens the riots knowledge of the surge tank problems _ 4 
and ‘strongly broadens the e connected power of design. h fact, the convention- 
al mathematical schemes ignore many , effects, and it is important tocheck 
_ their field of validity and limits of accuracy in all the many operating condi- 
_ tions which have t to be taken into account. _ ‘This is primarily ture for t the big 
stations, where the design of the tank structure is submitted to severe re- 
ict ly quirements of cost and operating features, and the designer has to choose pe j 
among a great variety of solutions. ‘The author gives the computing program 
_ for a conduit with two surge tanks in series, both for load rejection and load 
acceptance operations. In such a mathematical treatment many effects are * + 
. into account, which are usually neglected. _ They are mainly: | the ins) 
ertia in the shaft and riser for the chamber and differential tanks; the de- 
a parture of the friction losses from the quadratic law; the tank entrance = 4 
losses (included tl the trottling orifices, whose value can | be made different 
according to the sense of the flow). "The elastic effects in the conduit are 
_ neglected, but the author proposes to put them into account in a further and 


x 


repeating their agreement with the leading idea of the 
kg _ that such a powerful means as an electronic computer is to be taken profit of 
oft to inspect a number of effects which are usually neglected, the writers ae 
_ would point out that sometimes a preliminary inspection of the particular 
problem can decide whether such effects are to be considered or can be 
neglected (making resort, in 1 the second case, to a simpler program and 
machine time). ‘The v writers like to ‘mention, in a short review, 
Having put the friction loss of in the Darcy - -Weisba ach formula (with 


is easy rm detect in the \ variations of the coefficient f with 

: the velocity are worth putting into account. In the big plants the departure 
from a pure hydraulic law of resistance is often quite slight. For sso ae 

in an actual case e studied by the writers, when the conduit had a diameter « 


the two extreme values of the absolute roughness 2 assumed in the calculations. FE 


. Prof. of fiydr. Constrs. in the Univ. of B Bologna, 
Prof. of Hydr. Special Plants in the Univ. 
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substantial only at very low when the friction term is 
much smaller than the other terms in the varied flow equation =~ 
7s Concerning the problem of taking into account the propagation titi in 
_ the conduit, it can be noted that such a-problem, which gives rise to — ‘ 
differential equations, allows a strict solution only in very particular cases ei. 
a (for instance, for a sudden load rejection or acceptance in an uniform fric-_ 
_ tionless conduit with a cilindrical surge tank*). On the contrary, the prob- 
lem can be easily handled on an automatic computer by means a process - 


The writers think that the wave effects in a normal conduit tank system 
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equations of the first which is easily handled by an electron- 
ic computer. The writers used systematically such a procedure to inspect — i 
some water hammer phenomena on a Bendix D 12 differential analyzer 
enon Last (but not least) field where the use of the electronic computers can 
a 
“prove precious i: is that of the tanks" of a particular structure. problem 
this kind was met by the writers ina big surge tank (the conduit , with a 


smaller then W, . In turn, the value of Wg is a function of the total volume si q 
which has been ‘exchanged by the chamber at the given instant t, starting from 
the time pn when the two water levels begin to be different (level a-a during 


2 
at a 
the function F the of ‘the 
_ Thus, the lower chamber is represented by the system of ia (3 


@ and which is quite hard to handle without the help ofan 
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PRESSURE CHANGES AT OPEN JUNCTIONS IN CONDUITS? 


GEYER, F, _ASCE—The experiments reported should improve 

the design and reduce | the criticism 1 of unchannelized junction . boxes used in war : 
= water and ground water drains. Manholes and junctions in sanitary 
- Sewerage systems | will still ‘requir channels in order to prevent t the deposi. > 
Channelizing of junctions has merits other improved 
_ performance which formerly was thought to be an important benefit, but 
_ which, on the basis of work reported, seems not to be of much consequence. ~ 
a If the outflow pipe is cast into the wails of a junction after the bottom of the s 
junction | box is poured, the pipe invert will be above the floor of the ‘box by “et 
* least the thickness of the pipe wall. . This permits water to standinthe box 
F after flow has ceased and provides an ideal place for mosquitoes to ee 
= certain conditions debris will be deposited 


a The principal advantage of a plain or unchannelized juntion is reduced - 
_ cost due to ) simplicity of construction. A knowledge of relative costs of 
- different types of bottom construction would assist the engineer in deciding 
_ the type of construction to use for a given situation. = 


The authors are to be complimented f for providing | an 


— 
— 
4 
— 
— 
— 
— 
| — 
adequate — 


Jo 


— 


wach 


ULI 


F THE HYDRAULICS DIVISION | 


DIVISION ACTIVITIES 


PURPOSE or THE DIVISION 


“The advancement and dissemination of knowledge relating to the — 
rence of water in and | its behavior in structures, water courses, and 
foe “In particular the field of the Hydraulics Division shall embrace meteorol- 
and hydrology as they affect the engineer, fluid mechanics in engineering 
2 oe usage, and applied hydraulics as a branch of engineering science which fur- oe a E 
yee a nishes the basis for hydraulic design and for the ) practical use of water inthe Ne 
different specialized branches of hydraulic engineering.” 


WASHINGTON CONVENTION, ASCE 


By The ‘Hydraulics Committee 


fe. SYMPOSIUM ON THE CIRCULATION IN NEW YORK HARBOR Se 


i% FIELD § STUDIES } OF THE CIRCULATION PATTERN IN NEW YORK by ooo A a 
B. Stewart, Jr., Assistant to the Chief, ‘Tides and hy Coast 


and Geodetic Survey, Washington 


SOME ASPECTS OF CIRCULATION BY THE YORK HARBOR» 


MODEL, Eugene P. Fortson, Jr., Chief, Hydraulics Division, and Henry B. 


_ Simmons, Chief, Estuaries Section, Waterways Experiment Station, ‘Corps yom _ 


| 
ay 
Proceed 
: 
— 
wis, Bis Presiding: C. E. Kindsvater, Chairman, Executive Committee, and — 
a 
Note: No. 1959-39 of tne CUpyripmicd Journal Of tne Mydraulics Division, 
Proceedings of the American Society of Civil Engineers, Vol. 85, HY 10, October, 
‘is Copyright 1959 by the American Society of Civil Engineers. _ 


OF | OBSERVATIONS | OF CIRCULATION SALINITY 


Ny 


BUTION IN NEW YORK ener IN THE PREDICTION OF DISPERSION OF © 


‘Sponsore ed By The Hydromechanics 


MODELS" PRIMARILY DEPENDENT ON THE REYNOLDS ‘NUMBER, Ww. 


Simmons, Jr.,; Hydraulic Engineer, Laboratory, Bureau of por 


mation, Denver, Colorado, 


‘FIKED- -BED RIVER MODELS, J. E. Chief, Operations Section, 
Mississippi Basin Model, Station, U.S. Corps ‘of 


‘Sponsored By 1 ‘The ‘Hydraulic st Structures 
Presiding: : . E. Kindsvater, Chairman, Executive Committe 
J.H. Douma, Member, Hydraulic Structures 


Limited, | , Consulting Engineers, Niagara Canada 


= . E. Schumann, and A. G. Strassburger, Engineers, Pacific Gas and Electric 


lic ‘i. .G. Acres and ‘Limited, Engineers, 
Sponsored By The Hydrology Committee aa 


Pre esiding: C E. Kindsvater, Chairman, Ex Executive Committee, and 
c.c. McDonald, C H 


4 . Thatcher, Chemist, 
"Research Unt of Water B Branch, Geological Survey, 


mittee, 
— mber, Hydromechanics Com 
eal 
RULIC MODELS - PART TWO 
Ie 
— , Rex A. Elder, 
PENDENT ON THE FR -aulic Data Division, 
Head, Hydraulic Operatio ris, Tennessee. 
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Geochemist, Geologic Division, U.S. Geological 8 Survey, "Washington, D.C. 


_ THE USE OF TRACERS IN THE STUDY OF DIFFUSION IN OPEN CHANEL, 
FLOW, R. W. Carter end R. G. Godfrey, Hydraulic Engineers, U.S. 
Survey, Washington, D. C., , and B. J. Frederick, Hydraulic Engineer, U. S. »¥ 


‘THE USE OF STABLE AND RADIOACTIVE TRACERS IN THE MOVEMENT 
__ OF AIR MASSES AND WATER VAPOR IN THE ATMOSPHERE, Lester Machta 4 
“Chief, Special Projects Section, U.S. Weather Bureau, Washington, D.C. 


HYDRAULICS DIVISION SESSIONS FOR NEW CONVENTION 


_-———ss« Four sessions have been scheduled by the Hydraulics Division for the New 
oe a _ Orleans Convention, ASCE, 7-11 March 1960. The sessions are being arrang- 
me ed as reported in the August issue of the Se information se 
RECORD- BREAKING ‘ATTENDANCE AT FORT COLLINS 
ee = Eighth Annual Conference of the Hydraulics Division was held agitisag 
State University in Fort Collins, Colorado on July 1,2, 3. Arecord- 
287 registrants participated in| the highly successful three day affair 
technical sessions were all well attended and many interesting and 
stimulating papers were given. Most of the conference registrants seemed 


Phe 8 social activities were well planned and well attended. The highlight of os 
a the social program was a banquet on Thursday night attended by more than ¢ 


ey. “speaker. His well-delivered talk was on the subject of “What it means stobea 
member of ASCE.” At the banquet special recognition was giventothree 
2 veteran members of the Hydraulics Division. These three men who have made 
outstanding. contributions in the field of hydraulics were: Mr. J.C. Stevens 
te (AM 1908) of Portland, Oregon, Mr. Ralph Parshall (Aff 1913) of Fort Collins, — f 

Colorado, and Dean Ralph D. Goodrich (M 1916) of Grand Junction, Colorado. 
q was a privilege to have these men in attendance at the Conference. #=— 
a 


= The ladies and children were well entertained with a fashion show, a ~ 7 
_ to a dude ranch, a barbecue supper, and other activities. All who participated 
in these events had aninteresting andenjoyabletime. 
be aan The Conference was definitely a successful and entertaining affair anda _ “ 
_- vote of appreciation is due the many members who were active in the planning — 
; _ and the actual operation of the Conference . Professor Carl Kindsvater, Chair- a 


4 man of the Hydraulics Division of ASCE, and Professor Milton E. ‘Bender and 


eo i) Next year’s Conference will be in August at the University of Washington ja 
‘Seattle. We recommend that you make plans now to attend this meeting 
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ACTIVITIES | OF HYDRAULICS DIVISION COMMITTEE ON RESE ARCH 
Since its reconstitution two years ago as" an administrative ‘committee, 
your research committee has been actively reviewing hydraulics research in é 
_ an attempt to promote more of this needed quantity. Obviously, with no funds ~ 
to disseminate, the committee cannot | act  Girectly. _At a two- -~day ommittee 


sf The necd for more sponsorship and support of hydraulic research- “particu 

not simply answered. One small although important avenue by which the com- 
“mittee can be ¢ of service to those desirous of conduction hydraulic ood gl 
was discussed at the meeting. It was noted that organizations react more 
favorably to research proposals which are excellently prepared. Proposals be 
_ must be o of such quality and compelling significance that organizations tc towhom 
they are submitted will recognize the importance se of the proposed work without | 

_ any necessity for other persuasion. As Dr. Lee DuBridge has said (Civil _ ; 

_ Engineering, April, 1959, p. 46), “The way to get funds is... to submit . aS 
valuable, worthwhile p: projects 6a ” Besides urging an increase in the number 

_of proposals for hydraulic research, the committee offers its services in a 
active function. To help proposals are of the highest 


services as a review and screening group. Either formally or informally it Rs Boe 
will study proposals submitted to see that they appear in the best possible = iB ; ie 


form. Currently, formal procedures by which divisional research committees st 
_ will cooperate with the Society’s Research Committee to support or recommend ee 
proposals to potential sponsors also are under review. an informal basis, 
q the Hydraulics Division Committee on Research has already made suggestions . 
for the improvement of specific proposals and is ready and willing todoso ~ 


‘the interests and ideas of the researcher, it has not indulged in exaustive 
compilations of needed hydraulic research projects. However, some inform 
tion of this nature has been compiled in the course of other affairs. In 1958, ee 
the committee attempted to assess the status of hydraulic research via several 
‘parallel approaches. In one approach, technical committees of the hydraulics — 
; and certain other divisions of the ASCE were contacted by letter to ascertain 
what research they had in progress or which they felt to be desirable in their a 
ss of cognizance. The replies received have been analyzed and summarized 
in a paper, “A Survey of Hydraulic Research Work and Activities,” (April, at 
‘Some fifty items of needed hydraulic which are e not now 


areas to research, copies of the paper are available the committee 


fe At the Research Committee meeting it was obvious that the fifty-odd items. > 


of needed hydraulics research represented a tremendous hydraulics research 
BP tno it was not by any means complete . The committee did not feel 


that it could eliminate any items and could easily add many more, , Each item 
- was also in need of substantiating and discussive material to explain and 
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justify the need. Since any such list att 
represented too ambitious a program to ~ 
ae to choose some six or eight representative it ead decided 


paper is wherefore being by ‘the committee carefully and thoroughly 


search in each instance is to be described in in sufficient | detail to ) convey a x 
clear understanding of the work to be done statemer 


4 é Reine to the usefulness and value of the research. It is hoped that this paper can +e “2 


Bai made available to each member of the the Hydraulics s Division, if not to each — 
SS ‘member of the Society itself; however, the mechanism for propagation is not 
fe is settled. In this fashion your committee plans to bring home to all the need for 


ac considerable expansion in our hydraulic research effort. 
Your Hydraulics Division on Research ‘welcomes comment | 


issue of Chemical a gineering and in the . August saiaee ‘of Mining Engineering 

NEW BOOK on ‘OPEN- CHANNEL 


nee: set. if more than | 100 engineers, ‘ or inne indicate 4 an intere 


20-24, 1960 MCE, Reno Convention 
17- Hydraulics Division Conference, Seattl 
‘ASCE, Phoenix Convention 
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“PUMPING SOLIDS TH ly and August; therefore, For the — 
The several publications in publication schedules. Fo # 
was published by the author from A 
— 
| announces aval , Profes- 
sceived recently . Ven Te Chow, 
cation notice rec Hydraulics,” by Dr. itional information 
prepu book, “Open-Channel Hy« ity of Illinois. Additiona 
oducing the first ten volu t these his — 
eproduci d tha 
feasibility of reprod . It has been decide 
has been studied st 
(1872-1881) 
ther rare vo ten-volume set shoulc N.Y. 
guccesstiul, othe ning the w York 18, 
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October 15-19, an ASCE, Detroit Convention 


Annual Meeting, Society for Experi- 


mental Stress Analysis, L Detroit 


National Congress of Industrial 
_ Hydraulics, Chicago + 


20. 


USE. OF THE HYDRAULICS DIVISION NEWSLETTER | 


ry inquiries, personnel news, , committee reports, ‘surveys a and other items Mica 
a interest to Division members. A short note summarizing the highlights of ee 
committee meetings is particularly requested . Suggestions for 
of the Newsletter will be appreciated. 
GUY L. ARBUTHNOT, JR 
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